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STUDIES I N  PHYSICAL GAS DYNAMICS 

Edi ted by A. S. Predvodi te lev 

ABSTRACT. This book is  a c o l l e c t i o n  of articles devoted t o  
b a s i c  research  i n  p h y s i c a l  gas dynamics with emphasis on 
molecular band s p e c t r a ,  shock tube s t u d i e s ,  and i n t e r a c t i o n s  
between diatomic molecules. Morse p o t e n t i a l  parameters,  col
l i s i o n  i n t e g r a l s ,  e f f e c t i v e  c ross  s e c t i o n s  and angles  of de
v i a t i o n  are i n v e s t i g a t e d  f o r  C-Cy C-0, and C-N i n t e r a c t i o n s  
i n  t h e  ground and exc i ted  states. Attractive and r e p u l s i v e  
i n t e r a c t i o n  p o t e n t i a l s  between L i - L i  atoms are considered. 
Thermodynamic parameters of substances behind i n c i d e n t  and 
r e f l e c t e d  shock waves are c a l c u l a t e d  and t h e  s p e c t r a l  charac
ter is t ics  of gases heated by shock waves are given. O s c i l 
l a t o r  s t r e n g t h  i s  determined experimentally i n  t h e  v i o l e t  
system of t h e  CN r a d i c a l .  

Several art icles are concerned with var ious  inves t iga
t i o n s  employing electromagnet ic  shock tubes.  Electrical 
w i r e  explosions i n  a i r  and i n  a vacuum a r e  discussed.  The 
r e s u l t s  of experimental  s t u d i e s  on t h e  flow of d i s s o c i a t e d  
gases through supersonic  nozzles  are presented and d a t a  from 
measurements of CO 2 dens i ty  i n  t h e  flow behind a shock f r o n t  

are tabula ted .  Several  devices  employed i n  t h e  s t u d i e s  are 
descr ibed,  inc luding  a p i e z o e l e c t r i c  pressure  pickup and a 
t ransducer  f o r  recording pressure  i n  a shock tube.  

Each a r t ic le  i n  t h e  c o l l e c t i o n  i s  i l l u s t r a t e d  with 
graphs,  f i g u r e s ,  and diagrams; numerical  d a t a  have been tabu
l a t e d  i n  many cases. Every ar t ic le  i s  followed by an exten
s i v e  l i s t  of Soviet  and f o r e i g n  re ferences .  

N . B . :  Comas should be interpreted as decimal points in a l l  tabular ma
te r ia l  that has been reproduced direct ly  from the original foreign document. 
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l 3 *MORSE POTENTIAL PARAMETERS FOR C-C, C-0, AND C-N INTERACTIONS -

I. B. Rozhdestvenskiy, N. N. Tsitelauri, N. V. 

Voskresenskaya, and Ye. V. Samuylov 


Introduction 


It is known that at high temperatures the interaction of atoms with a non
saturated electron shell in a number of cases is satisfactorily described by 
means of the Morse potential function. The secdnd virial coefficient and its 
first two temperature derivatives for the Morse potential were calculated in 
[l, 21 .  The collision integrals, effective cross sections, and collision angles 
were calculated for the Morse potential in [ 3 ] .  The Morse potential parameters 
were determined for certain nonpolar molecules in [ 4 ]  and the parameters of this 
potential were found in [ 5 ]  for N-N, 0-0, and N-0 interactions on a potential 
curve with a minimum. The values of the Morse potential parameters are esti
mated in this article for interactions of atoms in diatomic molecules of C,,

'-
CO, and CN. The data provided in [ 6 ]  and [ 7 ]  were used to determine the para
meters in the case of C2 and CO, where potential curves are derived for the low
er electronic states. Potential curves for the interaction of C and N atoms in 


2 +the X C , A 2fl;, and B2C+ states of a CN molecule are derived in this report. 

Determination of Potential Parameters 


A critical survey of various semi-empirical potentials from the standpoint 
of their applicability for describing the interaction of atoms in a diatomic 
molecule is given in [ 8 ] .  An analysis of 27 molecules, which was conducted in 
this work, indicates that the Morse potential function at short distances lies 
somewhat above the potential curve obtained by means of spectroscopic data on 
the energy of vibrational and rotational levels with the Rydberg-Klein-Rees 
method, and that it lies somewhat below this curve and the Rydberg potential at 
long distances. 

The Rydberg-Klein-Rees method makes it possible to determine the potential 
curve on the basis of experimentally known vibrational and rotational energy lev
els without resorting to any semi-empirical potential, e . g . ,  the Morse potential. 
The lower vibrational levels (0 = 10.20) are usually examined most completely by
the spectroscopic method. For higher levels, the vibrational energy may be ob
tained by extrapolation of the series G ( v ) .  In this case, the conditions of 
G(V,,) = De should be satisfied approximately: 

~ ~~ 

*Numbers in the margin indicate pagination in the foreign text. 
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Thus, the potential curve obtained by the Rydberg-Klein-Rees method can be con
sidered in an experimental region as an experimental potential curve, and the pa
rameters of the corresponding semi-empirical potential can be selected for it. /4 

The Morse potential has the form 


and depends on three parameters: De = the dissociat-Jn energy read from the min

imum of the potential curve, re = the equilibrium distance between atoms, and 
the parameter 

("ap =2 (i3*D*)VZ' (2) 

where w = the vibrational constant and B = the rotational constant of a die e 
atomic molecule. 


If the potential of the interaction of two atoms can be presented in the 

form of (1) with a sufficient degree of accuracy, the levels of vibrational en

ergy, as it is known, will be expressed by a second-order step function 


The value of vmax in this case is found from the relationship 

which corresponds to the value 


l o 2D,=G ( u " , ~ ~ )
4 v *  

=2. (5) 

The use of (3)-(5) for finding Vmm and D .is equiva-znt to the :gee 
Sponer graphic linear extrapolation. If the value of B e is determined along 

with we and De' the quantity 6 is calculated with formula (2). In many cases of 
the described segment of series (3), however, it is insufficient for finding the 
vibrational energy for all v .  Series (3) is supplemented with higher order 
terms and constant anharmonicities are selected which satisfy the known experi
mental arrangement of the vibrational levels and the value of the dissociation 
energy. 

2 
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Another method of determining t h e  constant  f3 i n  t h e  Morse p o t e n t i a l ,  which 
does not  depend on t h e  number of terms i n  series ( 3 ) ,  is  examined i n  [SI and 
c o n s i s t s  i n  t h e  following. From (1) w e  have 

-
Here 8- is t h e  value of parameter 

+f o r  p a r t  of t h e  p o t e n t i a l  curve r = rv < re
+and B+ is t h e  va lue  of B when r = P 

2, 
re. The va lues  of r- and rV correspondV 

t o  t h e  va lues  of rmin and rmax determined by t h e  Rydberg-Klein-Rees method. The 

s u b s c r i p t  V t o  V and r i n d i c a t e s  t h a t  t h e  values  of U and r a r e  taken f o r  2( = 0 ,  
1, 2 ,  ... Thus, i f  t h e  p o t e n t i a l  curve o r  p a r t  of i t  is known ( t o  a c e r t a i n  
va lue  of 0 )  (6)  and (7) can be used t o  f ind  t h e  values  of parameter  f3 s e p a r a t e l y  
on each branch of t h i s  p o t e n t i a l  curve. The value of f3 is  obtained f o r  t h e  en-,& 

t i r e  curve a s  t h e  average of B- and 64-

The va lue  of B can be obtained from (1) i n  t h e  form of an expression i n  which -
r

V 
and r+ e n t e r  d i r e c t l y .  I n  c a l c u l a t i o n s ,  however, expression (8) i s  more

V 
p r e f e r a b l e  due t o  t h e  loss  of accuracy. 

Expressions (6)-(8) are used t o  f i n d  t h e  parameter on t h e  b a s i s  of t h e  
known p o t e n t i a l  curve. It i s  n a t u r a l  t h a t  t h e  va lues  of B i n  t h i s  determinat ion 
w i l l  b e  dependent on t h e  va lue  of U

V 
which is  used i n  ( 6 )  and ( 7 ) .  A d i r e c t  

c a l c u l a t i o n  i n d i c a t e s  t h a t  t h e  optimum mean representa t ion  of t h e  p o t e n t i a l  
curve f o r  a l l  is provided by t h e  values  of obtained f o r  t h e  va lues  of U

V 
which are approximately h a l f  t h e  va lue  of t h e  d i s s o c i a t i o n  energy (VV tc 404 ). 

I n  those  cases when t h e  p o t e n t i a l  curve i s  unknown f o r  va lues  of energy near  /6
%De, t h e  upper known va lue  of U

V 
w a s  used. 

It might b e  s u i t a b l e  i n  var ious  problems and a t  var ious  temperatures t o  use 

B- o r  B
+ as t h e  parameter  6. Tables 1-3 a l s o  l i s t  t h e  q u a n t i t i e s  B- and ,@+ f o r  

t h i s  purpose. 

The va lues  of re f o r  a l l  exc i ted  s t a t e s  a r e  ca lcu la ted  t o  zero accuracy i n  

t h e  c a l c u l a t i o n  of ,@ by means of l i n e a r  e x t r a p o l a t i o n  of t h e  values  of Uv as a 

3 
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TABLE 1. MORSE POTENTIAL PARAMETERS FOR BOUND 
--

B Y
A 8- P+ 8 'Based 

eV on [21
---~ 

X1Z;: 3 P + 3 P  51299,6 6 3 6  1,2420 2,999 3,091 3,045 .3,037 
a3IIU 
b3X; 
AlII, 
d311g 
DUIg 

3 P + R P  
SP +2i' 
3P +3P 
3P +3P 
3P +3P 

50537,7 
44846,8 
42911,O 
31296,O 
17019,2 

6,27 1,3117 2,828 2,958 2,893 2,856 
5,56 1,3690 2,840 2,840 2,840 2,836 
5:32 1,3179 3,012 3,162 3,087 3,055 
3,88 1,2644 3,594 3,900 3,747 3,818 
2,11 1,2527 4,706 4,776 4,741 5,192 

e311g 
E1Z: 

s P + 1 D  
ID +1s 

20648,9 
39845,9 

2,56 1,5341 3,438 3,120 3,279 3,526 
4,94 1,2377 3,325 3,507 3,416 3,385 

E l e c t r o n i c  s ta te  ( D i s s .  ener ,  

ID + ID 16615,9 2,06 - 4,684 5,073 4,879 4,842 
ID +IS 28069,6 3,46 1,2520 3,802 3,269 3,536 3,725 
? S + V  39523,3 4,90 - 3,302 2,560 2,931 3,140 

*The c l a s s i f i c a t i o n  of e l e c t r o n i c  states of a C mole
c u l e  i s  taken from [ 9 ] .  2 

TABLE 2. MORSE POTENTIAL PARAMETERS FOR BOTJND CO STATES 

E l e c t r o n i c  s t a t e  D i s s .  2ner. 
B Y  

re A P- 8+ B lased 
co ca-1 eV In [21  

X1Z+ 
a3II 

.13Z+ 

3P +3P 
3P +3P 
3P +3P 

90676,7' 
41989,l 
34853,6 

11,24 
5,206 
4,321 

1,1287 
1,2060 
1,3549 

2,615 
3,238 
2,899 

2,575 
3,400 
3,031 

2,595 
3,319 
2,965 

2,593 
3,281 
2,842 

d3A 3P +3P 28376,3 3,518 1,3771 2,945 3,173 3,059 3,007 
AllI 3P +3P 25602,O 3,174 1,2344 3,506 5,172 4,339 3,673 
e3Z- 3 P  +3P 25336,6 3,141 1,3946 3,032 3,474 3,253 3,054 
BIZ+ - 29698,6 3,682 1,1199 4,193 4,665 4,429 4,477 

+func t ion  of (r- + r v ) / 2 .  This method of determining t h e  va lues  of r i n  t h e
V e 

case of C 2' COY and CN i s  s u f f i c i e n t l y  accura te  s i n c e  t h e  anharmonicity near  t h e  

p o t e n t i a l  minimum is s m a l l  and t h e  values  of zero energy are not  l a r g e .  The d is 
s o c i a t i o n  'energy i n  each case  was s e l e c t e d  independently of t h a t  a v a i l a b l e  i n  
t h e  presence of t h e  p o t e n t i a l  curve on t h e  b a s i s  of t h e  most r e l i a b l e  re ference  
da ta .  The values  of B obtained by means of ( 2 )  are given i n  Tables 1-3 f o r  a 
comparison. 

4 




TABLE 3.  MORSE.POTENTIAL PARAMETERS FOR BOUM) CN STATES 

.- _ _  . - -I - _ .  .-

E l e c t r o n i c  s ta te  D i s s .  enerl  I 
8 


.. ._ 

4,fi 1 2,788 
7,46 2,805 
7,18 2.873 

I n t e r a c t i o n  of C-C Atoms 

Energy p o t e n t i a l  curves  f o r  t h e  n ine  lower e l e c t r o n i c  states of a C2 mole

c u l e  f o r  t h e  v"++v '  t r a n s i t i o n s  observed experimentally were determined i n  [6] 
by t h e  Rydberg-Klein-Rees method. 

TABLE 4.  VALUES OF Z, FOR The d i s s o c i a t i o n  energy of 
VARIOUS ELECTRONIC STATES C, was not  p r e c i s e l y  determined. 

L 

__ . -.. . .- - - . . .-- __.- Linear e x t r a p o l a t i o n  of vibra

11 
B

l eads  t o  t h e  value of D- = 7 e V .  
0 

23 3u Extrapolat ion of t h e  d3II -state 
5 

23 
32 
:io 

g
l e v e l s  leads  t o  t h e  va lue  of Do = 

20 
18 

5.3 e V  [91. 

17 
2 

The va lue  of D = 6.25 e V  /70 
was adopted f o r  C2 i n  [ 9 ] ,  which 

agrees  w e l l  wi th  t h e  va lue  of De 

CN t i o n a l  levels i n  t h e  s t a t e  ___ 

= 6.36 e V  used i n  [6].  The val
ues of  V f o r  which t h e  va lues  of e-, B+, and B were determined f o r  var ious  elec
t r o n i c  states of C 2 are given i n  Table 4. 

I n t e r a c t i o n  of C-0 Atoms 

Energy p o t e n t i a l  curves f o r  t h e  e l e c t r o n i c  states of a CO molecule w e r e  ob
ta ined  in [71 by t h e  Rydberg-Klein-Rees method f o r  experimentally observed d is 
t r i b u t i o n s  of v i b r a t i o n a l  and r o t a t i o n a l  levels. 

The c a l c u l a t i o n  i n  [ 7 ]  i n d i c a t e s  t h a t  t h e  s i x  lower e l e c t r o n i c  states of 
t h e  CO molecule converge a t  one d i s s o c i a t i o n  l i m i t  (11.11e V ) .  

5 



CThe B1 +  state d i s s o c i a t e s  i n t o  exc i ted  atoms. For t h i s  state,  however, 
vibra,t ional levels w e r e  no t  observed above 2, = 2. This does n o t  make it possi-

Cb l e  t o  e s t a b l i s h  t h e  d i s s o c i a t i o n  products of CO i n  t h e  B 1 +  state.  The vibra

t i o n a l  levels f o r  t h e  A 1II state ,  as t h e  c a l c u l a t i o n s  i n  [ 7 ]  i n d i c a t e ,  converge 
much more r a p i d l y  than  t h i s  takes  p lace  f o r  t h e  o t h e r  states. This makes i t  
p o s s i b l e  t o  assume t h a t  t h e  p o t e n t i a l  curve of t h i s  s ta te  has  a maximum. The 
va lues  of V f o r  which t h e  va lues  of B w e r e  determined f o r  CO are given i n  Table 
4 .  

I n t e r a c t i o n  of C-N Atoms 

Of t h e  p o s s i b l e  e l e c t r o n i c  states of t h e  CN molecule, t h e  following t h r e e  
2 +  , A 2ni, and B2C+. .The maximums t a t e s  have been examined most completely: X C 

number of v i b r a t i o n a l  levels observed i n  these  states is equal  t o  18, 19,  and 
1 9 ,  r e s p e c t i v e l y  [ lo] .  

The d i s s o c i a t i o n  energy of a CN molecule 
has not  been determined p r e c i s e l y .  Two al
t e r n a t i v e  values  exist f o r  D0CN, i . e . ,  7.50 e V  

and 8.48 e V .  The f i r s t  value,  which w a s  pro
posed by Gaydon, is being subjected t o  mass-
spectrometr ic  i n v e s t i g a t i o n s  of t h e  e q u i l i b r i 
um of carbon and n i t r o g e n  vapors a t  a tempera
t u r e  of 2200-2500'K [ll]. The second va lue  
is based on t h e  e x t r a p o l a t i o n  of t h e  vibra
t i o n a l  levels X, A ,  and B of t h e  CN states
[ l o ] .  It is  s u b s t a n t i a t e d  by t h e  e l e c t r o n  
shock method and by experimentation i n  shock 
tubes.  The va lue  of D0 = 8.41 e V  w a s  adopted 

Figure 1. Dependence of Po- i n  re ference  [ S I .  The p o t e n t i a l  curves f o r  
2 +  

Ct e n t i a l  Energy Uv on Distance t h e  X C , A 2I I i ,  B 2 +  states of CN were de ter -
Between Atoms r f o r  CN. (1) mined i n  t h i s  paper by t h e  Rydberg-Klein-Rees 
B 2 +c state; (2) x2z+ state;  method, fol lowing t h e  procedure t h a t  w a s  re

(3) A 
II 

~ state.  
f ined  by Samuylov and Voskresenskiy ( taking

C ~ r. 

i n t o  account t h e  term B e [  (0 + ?i)LI(I+ l ) ]  

[12]. Tables 5-7 present  p o t e n t i a l  d a t a  f o r  t h e  t h r e e  states of a CN molecule 
obtained by . t h i s  method (see  appendix). The fol lowing values  of t h e  spectro
scopic  cons tan ts  were used f o r  t h e s e  states (Table 8). 

2 +  2 
2 y /12The cons tan ts  we e  f o r  t h e  X C and A II. states and we e  f o r  t h e  B C+ z 

s ta te  w e r e  s e l e c t e d  from t h e  condi t ions  of t h e  convergence of levels a t  t h e  d is 
s o c i a t i o n  l i m i t  when v = m a x '  'mm was equal t o  60, 6 3 ,  and 60, r e s p e c t i v e l y ,  

f o r  t h e  ind ica ted  states.  The remaining cons tan ts  w e r e  taken from [ 9 ]  and [lo]. 

The A 2II. s ta te  f o r  CN d i s s o c i a t e s  i n t o  atoms i n  t h e  ground s ta tes  C3P + N4S.
2 
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TABLE 5 .  POTENTIAL ENERGY OF X2C+ STATE FOR CN 

-

U !u., w-1 rminr A U,eV 
~~ 

0 1031,O 1,1242 1,2249 0,1278 
1 3073,3 1,0926 1,2680 0,3810 
2 5089,4 1,0724 1,3000 0,6310 
3 7079,O i ,0567 1,3274 0,8776 
4 9042,2 1,0437 1,3524 1,121 
5 10978 1,0326 1,3758 1,361 
6 12888 1,0228 1,3980 1,598 
7 14771 1,0139 1,4194 1,831 
8 16628 1,0060 1,4402 2,061 
9 18457 0.99868 1,4605 2,288 

10 20259 0,99193 1,4804 2.512 
11 22033 0,98566 1,5001 2,732 
12 23781 0,97990 1,5196 2,948 
13 25500 0.97431 1,5390 3,161 
14 27191 0,96915 1,5582 3,371 
15 28835 0,96427 1,5775 3,575 
16 30490 0,95964 1,5967 3,780 
17 32097 0,95525 1,6160 3,979 
18 33675 0,95 106 1,6353 4,175 
19 35224 0,94706 1,6548 4,367 
20 36743 0,94322 1,6744 4,555 
21 38234 0,93955 1,6942 4,740 
22 39694 0,93600 1,7141 4,921 
23 41125 0,93259 1,7343 5.098 
24 42525 0,92929 1,7548 5,272 
25 43895 0,92608 1,7755 5,442 
26 45234 0,92297 1,7966 5,608 
27 46541 0,91993 1,8180 5,770 
28 47817 0,91697 1,8398 5,928 
29 49062 0,91406 1,8621 6,082 
30 50273 0,91120 1,8848 6.233 
31 51453 0,90837 1.9080 6.379 
32 52599 0,90557 1,9318 6,521 
33 53712 0,90279 1,9562 6.659 
34 54791 0,90000 1,9813 6,793 
35. 55836 0,89721 2,0071 6,922 
36 56847 0,89440 2,0337 7,048 
37 57823 0,89155 2,0612 7,169 
38 58763 0,88866 2,0897 7,285 
39 59668 0,88569 2,1192 7,397 
40 60536 0,88264 2,1499 7,505 
41 61367 0,87948 2,1820 7,608 
42 62162 0,87619 2,2155 7,707 
43 62919 0,87275 2,2506 7,800 
44 63637 0,86911 2,2877 7,890 
45 64317 0,86525 2,3268 7,974 
46 64958 0,86113 2,3683 8,053 
47 65559 0,85668 2,4126' 8.128 
48 66119 0,85186 2,4601 8,197 
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TABLE 5 .  (Continued) 

v u., CM-I 

49 66639 0,84658 2,5114 8,262 
50 67118 0,84074 2,5672 8,321 
51 67555 0,83422 2,6285 8,375 
52 67950 0,82685 2,6966 8,424 
53 68301 0,81842 2,7732 8,468 
54 68609 0,80859 2,8610 8,506 
55 68872 0,79690 2,9639 8,538 
56 69091 0,78258 3,0885 8,566 
57 69265 0,76432 3,2467 8,587 
58 69392 0,73941 3,4637 8,603 
59 69473 0,70069 3,8112 8,613 
60 69506 0,60898 4,7377 8,617 

TABLE 6.  POTENTIAL ENERGY OF A211a. STATE FOR CN 

v uo.CM-1 rmax* A U,eV 
. .. 

0 983,OO 1,1819 1,2893 0,1219 
1 3690,l 1,1484 1,3358 0,3335 
2 4451,9 1,1270 1,3704 0,5519 
3 6188,3 1,1106 1,4004 0,7672 
4 7899,3 1,0970 1,4276 0,9793 
5 9584,s 1,0854 1,4532 1,188 
6 11244 1,0751 1,4775 1,394 
7 12879 1,0660 1,5010 1,597 
8 14487 2,0577 1,5239 1,796 
9 26070 1,0501 9 1,5463 1,992 

10 17626 1,0432 1,5693 2,185 
11 19157 1,0367 1,5901 2,375 
12 20661 1,0307 1,6118 2,561 
13 22140 1,0251 1,6333 2,745 
14 23592 1,0199 1,6548 2,925 
15 25017 1,0149 1,6762 3,102 
16 26416 1,0102 1,6978 3,275 
17 27789 1,0058 1,7193 3,445 
18 29135 1,0016 '1,7410 3,612 
19 30454 0,99763 1,7629 3,776 
20 31746 0,99381 1,7849 3,936 
21 33011 0,99017 1,8072 4,093 
22 34249 0,98968 1,8297 4,246 
23 35460 0,98334 1,8525 4,396 
24 36643 0,980 12 1,8756 4,543 
25 37799 0,97703 1,8990 4,686 
26 38928 0,97405 1,9229 4,826 
27 40029 0,97117 1,9471 4,963 
28 41161 0,9 6938 1.9710 5,096 
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TABLE 6. (Continued) 

U u,, CM-' "In. A "nx. A 
- .. . 

~~ 

29 42147 0,96567 1,9969 
30 433 63 0,96304 2,0227 
31 44152 0,96046 2,0489 
32 45113 0,95795 2,0758 
33 46045 0,95548 2,1034 
34 46949 0,95305 2,1317 
35 47824 0,950G5 2,1607 
36 48670 0.94827 2,1906 
37 49487 0,94590 2,2215 
.38 50275 0,94353 2,2533 
.39 5 1034 0,94114 2,2863 
40 51763 0,93873 2,3204 
.41 52464 0,93629 2,3559 
42 53134 0,93379 2,3928 
.43 53775 0,93121 2,4313 
44 54395 0,92855 2,4715 
45 54966 0,92578 2,5137 

-46 55517 0,92286 2,5581 
47 56037 0,91979 2,6050 
.48 56527 0,31650 2,6547 
49 56985 0,91298 2,7076 
-50 57414 0,90916 2,7641 
51 57811 0,90499 2,8250 
.52 58177 0,90038 2,8909 
.53 58512 0,89523 2,9628 
54 58815 0,88943 3,0421 
55 59087 0,88279 3,1305 
56 59327 0,87507 3,2305 
57 59534 0,86592 3,3458 
58 59710 0,85481 3,4821 
59 59854 0,84085 3,6492 
60 59965 0,82242 3,8655 
61 60044 0,79591 4,1737 
62 60089 0,74997 4,7163 
63 60102 0,60757 6,6576 

u,ev 

5,225 
5,351 
5,474 
5,593 
5,708 
5,821 
5,929 
6,034 
6,135 
6,233 
6,327 
6,417 
6,504 
6,587 
6,667 
6,744 
6,814 
6,883 
6,947 
7,008 
7,065 
7,118 
7,167 
7,213 
7,254 
7,292 
7,325 
7,355 
7,381 
7,403 
7,420 
7,434 
7,444 
7,450 
7,451 

TABLE 7. POTENTIAL ENERGY OF B2C+ STATE FOR CN 

.. .- -. -- 

0 u,, CM-' ',in* A 'mas. A U,eV 
-~-- . .. .-.-. .. _______ 

0 1076,9 1,1000 1,1986 0,1335 
1 3209,4 1,0699 1,2419 0,3979 
2 5283,9 1,0507 1,2746 0,6551 
3 7327,3 1,0359 1,3030 0,9084 
4 9330,9 1,0238 1,3291 1,157
5 11294 1,0133 1,3537 1,400 
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~. 

0 u,. CM-1 "in* A rmax. U N  
~ 

6 13219 1.0041 1,3773 1,639 
7 15104 0,99596 1,4002 1,872 
8 16950 0,98348 1,4226 2,101 
9 18756 0,98163 1,4446 2,325 

.kO 20524 0,97529 1,4655 2,544 
11 22254 0,96939 1,4881 2,759 
12 23944 0,96387 1,5097 2,968 
13 25996 0,95867 1,5312 3,223 
14 27210 0,95376 1,5529 3,373 
15 28786 0,94909 1,5745 3,569 
16 30324 0,94465 1,5964 3,759 
17 31825 0,94040 1,6184 3,946 
18 33288 0,93633 1,6406 4,127 
19 34712 0,93242 1,6630 4,304 
20 36100 0,92864 1,6857 4,476 
21 37451 0,92499 1,7087 4,643 
22 38765 0,92144 1,7321 4,806 
23 40042 0,91799 1,7559 4,964 
24 41283 0,91463 1,7801 5,118 
25 42487 0,91134 1,8047 5,267 
26 43654 0,90811 1,8298 5,412 
27 44786 0,90494 1,8553 5,552 
28 45881 0,904 81 1,8818 5,688 
29 46941 0,89871 1,9086 5,820 
30 47965 0,89563 1,9362 5,947 
31 48953 0,89257 1,9645 6,069 
32 49907 0,88951 1,9936 6,187 
33 50824 0,88644 2,0235 6,301 
34 51707 0,88336 2,0544 6,410 
35  52555 0,88023 2,0963 6,516 
36 53369 0,87707 2,1193 6,617 
37 54148 0,87385 2,1535 6,713 
38 54892 0,87055 2,1890 6,805 
39 55602 0,86717 2,2259 6,893 
40 56278 0,86369 2,2644 6,977 
41 56920 0,86007 2,3046 7,056 
42 57529 0,85631 2,3468 . 7,132 
43 58103 0,85238 2,3912 7,203 
44 58645 0,84824 2,4379 7,271 
45 59153 0,84386 2,4874 7,334 
46 59628 0,83919 2,5400 7,392 
47 60070 0,83420 2,5962 7,447 
48 60479 0,82881 2,6564 7,498 
49 60856 0,82296 2,7215 7,545 
50 61200 0,81955 2,7923 7,587 
31 61512 0,8 0946 2,8700 7,626 
52 61792 0,80153 2,9562 7,661 
53 62039 0,79255 -3,0530 7,691 
5 4  62255 0,78222 3,1636 7,718 
55 62439 0,77009 3,2926 7,741 
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TABLE 7 .  (Continued) 

.-_ .-. - _  -_ 
11 u.. CM-' "In* A IIpV 

.- - - -... 

56 62592 0,75546 3,4479 7,760 
57 62713 0,737 12 3,6432 7,775 
58 62804 0,71266 3,9072 7.7% 
59 62863 0,67508 4,3175 7,794 
BO 62891 0.59743 5,2973 7,797 

TABLE 8. VALUES OF SPECTROSCOPIC CONSTANTS 


~ 7 1 1 4  w c +  
.___ 

9240,04 25752.0 
1812,316 24G3,!1 

12,5,98 20.2 
-0,120 * 10-1 0,267 * 10-1 
--0,707 * 1U-4 

1,7166 1,985 
0 . 1 7 1 ~ .in-1 0,23. 1OW1 

- 0 , 4 1 4 .  1 0 - 4  I 

2 +The B C state dissociates into excited atoms, whereas the following states of 
the dissociation products are possible (Table 9). 

If the upper value of the dissocia-

TABLE 9 tion energy of CN is adopted, the C and N 

atoms will be situated in the states with 
an excitation energy of 2.5 and 2.7 eV, 
which agrees well with the value of the 

C -1-N excitation energy obtained by means of 
__ . ...- __ . .. . .-. calculation in [13]. The values of r e 

for CN are found also by extrapolation of 

the values of U to zero. The values of 


- 2 ,  


v for which the Morse potential parameter 
6 was calculated are shown in Table 4 .  

2 +Tfie potential curves of the X C , A 2ni, 
and B2C+ states for CN are given in Figure 1. 
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COLLISION INTEGRALS, EFFECTIVE CROSS SECTIONS, AND 

ANGLES OF DEVIATION FOR THE MORSE POTENTIAL 


Ye. V. Samuylov and N. N. Tsitelauri 


It is known (see, for example, [l]) that in the calculation of the trans- /14 
port coefficients of gases (viscosity and thermal conductivity) information is -
required concerning the mean effective cross sections for the various interac

tions between the gas molecules, atoms, or ions. The mean effective cross sec

tions of certain gases in a temperature range from 1,000-1,500"K have presently 

been obtained both experimentally and by calculation. At higher temperatures, 

the mean effective cross sections have not yet been investigated in sufficient 

detail experimentally or theoretically. Since molecules dissociate into atoms 

at high temperatures, of particular interest is the study of the mean effective 

cross sections of the interactions of atoms. We know that atoms with unsatu

rated electron shells can interact with various types of potential curves, de

pending on the mutual orientation of the orbital and spin moments of the elec

trons of the outer shell. 


The total mean effective cross section can be calculated on the basis of 
known mean effective cross sections for each interaction curve [ 2 ] .  Repulsive 
potential curves aresatisfactorily described in many cases with the aid of a 
simple exponential function, the mean effective cross sections for which have 
been tabulated in dimensionless variables in [3]. Attractive potential curves 
are well described by the known Morse potential. In connection with this, the 
calculation of the mean effective cross sections for this potential is of inter
est. The mean effective cross sections in the expression for the viscosity, 
thermal conductivity, and diffusion coefficients of dissociating gases are ex
pressed by collision integrals. The authors of [ 4 ]  have briefly described the 
procedure for calculating the collision integrals for a corrected Morse poten
tial. The same paper also presents the results of calculations of collision in
tegrals for f3 = 2 ,  2 .5,  3 ,  3 .5 ,  4 ,  4 .5 ,  and 5 .  This paper gives the results of 
calculations of collision integrals for the Morse potential for f3 = 1.5 and also 
presents the results of calculations of the angles of deviation and the effec
tive cross sections for the Morse potential which were not included in [ 4 ] .  
Some basic information is also given concerning the Morse potential and tabu
lated quantities. 

The Morse Potential 


The Morse potential, in which the energy of two atoms separated by an in

finite distance is adopted as the zero energy, has the form 


where D is the dissociation energy of the electronic state of a diatomic mole- /15e 
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cule being considered and is read off from the minimum of the energy potential 
curve: 

(here we and Be are vibrational and rotational constants which are frequently 
determined on the basis of spectral laws); 


In this relationship, r is the distance between the atomic nuclei and r is the e 
equilibrium value of the internuclear distance in a diatomic molecule for &he 

considered electronic state of the diatomic molecule. The function U(r) will be 

used in dimensionless form 


where O ( r * )  = U(r*)/De and r* = r/r . We shall.designate the dimensionless rele 
ative kinetic energy of the two atoms when r* -+ m by K 

where p is the reduced mass and g is the relative velocity of the two atoms when 
r* -+ OJ. In the range of r* values close to zero, function ( 4 )  does not satis
factorily describe the interaction between the atoms, since the approach of the 
atoms to r* = 0 is possible at sufficiently large values of K which exceed the 
value of O(O) ,  which is impossible under actual conditions. Therefore, the col

lision integrals R (zys)*,  the effective cross sections &(z)*, and the angles of 
deviation x were tabulated for the corrected Morse potential, which differs 
from potential (4) by the fact that when r* irg the value of @ is assumed to 

be equal to infinity. The quantity rg is determined by the relationship 

where cx < 1, and 0(1 - In 218) = 0. It was assumed that c1 = 0.3 in the calcu
lations. 

In addition to the dimensionless quantities @, r*, K ,  which were determined 
above, we shall use the dimensionless impact parameter b* = b / re below, in which 

b is the impact parameter, and the dimensionless temperatures T* = k T / D e ,  where 

14 




T is the temperature in OK and k is the Boltzmann constant. 

Collision Integrals, Effective Cross Sections, 

and Angles of Deviation
-

The following dimensiofiless quantities were tabusated: L?(z's)*(T*, B) = 

collision integrals; Q(')*(K, 8)  = effective cross sections; X(K, q, 8) = angles.
of deviation in radians, where 1 < z < 3 and 3 2 s >, z; 

P*0 = P /r - P is the distance of closest approach of atoms in a collision.O e ' O  
The quantity b* is related to the variable q in the following manner: 

rEO is the dimensionless distance of closest approach of atoms when b* = 0 and 

is equal to 

ri0= 1 --+In (1 +iq3-). (12) 

It is obvious that b* + when q + 0 and b* -+ 0 when q + 1. 

The variable y is related to K and T* in the following manner: 

f=F.K 




A transition was made from variable b* to variable q when the effective 
cross sections were calculated. The value of r* for each x can be found with

0 
respect to q and on the basis of relationships (11) and (12). The distance of 
closest approach when r* 2 r* is determined as the maximum positive root of the

O a 
equation 


For each K ,  depending on the values of b*, the function Y can be either 
monotonically diminishing or may have a hump when r$ 6 r* 6 m. Tne region of 
monotonic variation of the function on the plane (Y, r*) is separated from the 
region of nonmonotonic variation of Y by a curve which has a point of inflec
tion. The value of b* for this curve is designated by b* inf ‘  The value of Y 
at the point of inflection is designated by Yin f ’  If Yinf > K, equation ( 1 4 )  

can have three positive roots. If Yinf < K ,  equation (14) has one positive 
root. The value of K, above which equation (14) always has only one positive 
root, is designated by Krt It is obvious that among the entire family of 

curves having a point of inflection, there is only one curve and only one point 


znf 
for this point
on this curve for which Yinf -- Krt. The values of r8 and bJr 

aye designated by r* rtrt and b;t. The quantities Krt’ bft,and r* can be found 

from the system of equations 

where Y’ and Y t r  are the first and second derivathes of Y with respect to r*. 

When K < Krt ,  equation (14) has one positive root, if Y h  < K (Yh is the 

height of the hump in the curve for Y); it has two roots, if Y h  = K; it has 
three roots, if Y h  > K. The maximum root of equation (14) in the second case 
is designated by r*myand the second root by r$m. There are two roots for the 
given K for a single value of b*, which we will designate by b*. The quantitiesm 
b*m and r*h are the solution to the system of equations 

m’ the angle/24
When the value of the corrected impact parameter is equal to b* 
of deviation is X = -a. The rh quantities can be obtained from the values of 
16 
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1.5 2.5 395 4.5 p 

Figure 1. fi (232)* as a Function 
of 6. (1) T* = 0.010; (2) 0.014; 
(3) 0.018; (4) 0.022; (5) 0.026; 
(6) 0.03; ( 7 )  0.04; (8) 0.05; (9) 
0.06; (10) 0.08; (11) 0.1; (12) 
0.14; (13) 0.18; (14) 0.22; (15) 
0.26; (16) 0.3. 

Figure 2. fi(2y2)*aas a Function 
of 8 .  (1) T* = 0.34; (2) 0.38; 
( 3 )  0.4; ( 4 ) ;  0.5; (5) 0.6;  (6) 
0 .7 ;  (7) 0.8; (8) 0.9;  (9) 1 .0;  
(10) 1.1; (11) 1.2; (12) 1.4;  (13) 
1 .6 ;  (14) 1.8; (15) 2.0; (16) 2.5;  
(17)  3.0; (18) 3.5; (19) 4 ;  (20) 
5;  (21) 10; (22) 20. 

Figure 3. Q (')*as a Function of K .  
(1) B = 1.5; (2) 2.0; ( 3 )  2.5; ( 4 )  
3.0; (5) 3.5; (6) 4.0; (7)  4.5; (8) 
5.0. 

I/ 


0 



I I I I I I I I I I  I I I l l  I I 

1 1 1 

Figure 5 .  Q (I)* as a Function of 
K. ( 1 )  B = 1 . 5 ;  ( 2 )  2 .0 ;  ( 3 )  2 .5;  
( 4 )  3.0; ( 5 )  3 . 5 ;  ( 6 )  4.0;  ( 7 )  4.5;  
( 8 )  5:O. 

Y 

Figure 4.  Q ('I* as a Function of 
K .  (1) B = 1.5 ;  ( 2 )  2.0; ( 3 )  2 .5 ;  
( 4 )  3.0;  ( 5 )  3 .5;  ( 6 )  4 .0;  ( 7 )  4 .5 ;  
( 8 )  5.0. 

Figure 6. Q (2)* as a Function of 
K. (1) B = 1 . 5 ;  ( 2 )  2 .0 ;  ( 3 )  2,5; 
( 4 )  3 .0;  ( 5 )  3 .5 ;  ( 6 )  4 .0 ;  (7) 4 . 5 ;  
( 8 )  5 .0.  
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Figure 7. & ( 2 ) R a sa Function of 
K. ( 1 )  B = 1 . 5 ;  ( 2 )  2 . 0 ;  ( 3 )  2 . 5 ;  
( 4 )  3 . 0 ;  ( 5 )  3 . 5 ;  ( 6 )  4 . 0 ;  (7) 4 . 5 ;  
( 8 )  5 . 0 .  
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Figure 8. Q(2)*as  a Function of 
K. ( 1 )  B = 1 . 5 ;  ( 2 )  2 . 0 ;  ( 3 )  2 . 5 ;  
( 4 )  3 . 0 ;  ( 5 )  3 . 5 ;  ( 6 )  4 . 0 ;  (7) 4 . 5 ;  
( 8 )  5 . 0 .  

I I 
10'' 1 

Figure 9 .  Q as a Function 
of K .  ( 1 )  8 = 1 . 5 ;  ( 2 )  2 . 0 ;  
( 3 )  2 . 5 ;  ( 4 )  3 . 0 ;  ( 5 )  3 . 5 ;  ( 6 )  
4 . 0 ;  ( 7 )  4 . 5 ;  ( 8 )  5 . 0 .  
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I I1 

I4 	 Figure 11. Q (3)* as a 
Function of K. (1) 6 = 
1 . 5 ;  ( 2 )  2.0; ( 3 )  2 . 5 ;  
( 4 )  3.0; ( 5 )  3 .5 ;  ( 6 )  
4 .0;  (7) 4.5 ;  ( 8 )  5 .0.  

Figure 1 2 .  x i n  Radians as a Function 
of q when 6 = 2.0. (1) K = 0.001; (2) 
0.004;  ( 3 )  0.01; ( 4 )  0 .02;  ( 5 )  0.04; 
( 6 )  0 . 0 6 ;  (7) 0.08; (8) 0.1; ( 9 )  0 .15 ;  
( 1 0 )  0.2;(11)  0.23 ;  ( 1 2 )  0 .25 ;  (13) 
0.27; (14) 0 . 3 ;  ( 1 5 )  0 . 4 ;  (16) 0 . 5 ;  

Figure 10. Q(3)* as a 
(17) 0 . 6 ;  (18) 0.8; ( 1 9 )  1.0; ( 2 0 )  2 ;  

Function of K. (1) 6 = 
( 2 1 )  4 ;  (22) 6; (23) 10; ( 2 4 )  12.5.  

1 . 5 ;  (2) 2.0;  ( 3 )  2.5; 
( 4 )  3 .0;  ( 5 )  3.5; ( 6 )  

'0 4.0;  (7) 4.5 ;  ( 8 )  5.0. 



Figure 13.  x i n  Radians as a Function 
of q when B = 3.5. (1) K = 0.001;  ( 2 )  
0 .005;  ( 3 )  0.01; ( 4 )  0 .02 ;  ( 5 )  0 .04 ;  
( 6 )  0 .06 ;  ( 7 )  0 .08 ;  ( 8 )  0 . 1 ;  (9) 0.15 ;  

(10) 0 . 2 ;  (11) 0 . 3 ;  (12) 0 . 4 ;  ( 1 3 )  0 . 5 ;  

( 1 4 )  0 .55;  ( 1 5 )  0 .6 ;  ( 1 6 )  0.65; ( 1 7 )  

0 . 7 ;  ( 1 8 )  0 . 8 ;  (19) 0 . 9 ;  ( 2 0 )  1.0; ( 2 1 )  

1 . 2 ;  ( 2 2 )  1 . 4 ;  ( 2 3 )  1 . 8 ;  ( 2 4 )  2.4: ( 2 5 )  

4.0;  ( 2 6 )  6 .4 ;  ( 2 7 )  2 0 ;  ( 2 8 )  5 0 ;  ( 2 9 )  Figure 1 4 .  x i n  Radians
100. 
 as a Function 

of q when B = 5.0. (1)K = 0.001;  ( 2 )  
0 .002;  ( 3 )  0 . 0 1 ;  ( 4 )  0 .02 ;  ( 5 )  0 .04;  
( 6 )  0.1; ( 7 )  0 . 2 ;  ( 8 )  0 . 3 ;  (9) 0 . 4 ;  
(10) 0 . 5 ;  (11) 0 . 6 ;  ( 1 2 )  0 . 7 ;  ( 1 3 )  0 . 8 ;  
(14) 0.82;  ( 1 5 )  0 .84 ;  ( 1 6 )  0 .86 ;  ( 1 7 )  
0 .9 ;  ( 1 8 )  0 . 9 6 ;  (19) 1; ( 2 0 )  1 . 2 5 ;  ( 2 1 )  
1 . 5 ;  ( 2 2 )  2 ;  ( 2 3 )  2 .75;  ( 2 4 )  5 ;  ( 2 5 )  
1 0 ;  ( 2 6 )  30 ;  ( 2 7 )  100 ;  ( 2 8 )  5 0 0 ;  (29) 
1,100.  
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- TABLE 


T’ & 2 ) *  &(2,3)*-
0,010 29,769 27,324 25,469 23,197 21,664 
0,014 27,296 24,849 23,034 21,180 19,717 
0,018 25,462 23,052 21,295 19,734 18,321 
0,022 24,026 21,669 19,986 18,615 17,238 
0,026 22,861 20,569 18.960 17,704 16,352 
0,030 21,891 19,666 18,117 16,937 15,610 
0,034 21,067 18,900 17,384 16,280 14,985 
0.038 20,351 18.227 16,712 15,713 14,462 
0,04 20,025 17,915 16,389 15,459 14,235 
0,05 18,618 16,502 14,838 14,433 13,368 
0,06 17,437 15,220 13,362 13,710 12,789 
0,07 16,380 14,019 11,983 13,170 12,329 
0,08 15,405 12,895 10,731 12,727 11,896 
0,09 14,495 11,856 9,6155, 12,327 11,452 
0-1 13,644 10,904 8,6342 11,942 10,989 
0,14 10,784 7,9142 5,8012 10,413 9,0793 
0,18 8,6614 5,9340 4,1250 8,9452 7,381 1 
0,22 7,0867 4,5977 3,0801 7,6553 6,0253 
0,26 5,9013 3,6656 2,3918 6,5729 4,9759 
0,30 4,9920 2,9935 1,9161 5,6802 4,1653 
0,34 4,2813 2,4941 1,5740 4,9463 3,5334 
0.38 3,7159 2,1133 1.3196 4,3410 3,0345 
0,40 3,4757 1,9560 1,2161 4,0782 2,8241 
0,50 2,5733 1,3895 0,85122 3,0637 2,0453 
0,60 1,9923 1,0455 0,63540 2,3896 1,5569 
0,70 1,5952 0,82015 0,49613 1,9208 1,2305 
0,80 1,3110 0,66381 0,40043 1,5820 1,0012 
0,90 1,0999 0,55048 0,33150 1,3289 0,83339 
1 0,93860 .0,46545 0,28002 1,1345 0,70655 
1,l 0,81219 0,3998.5 0,24047 0,98190 0,60807 
$2 0,71110. 0,34806 0,20938 0,85961 0,52989 
1,4 0,56101 0,27233 0,16420 0,67761 0,41473 
1,6 0,45628 0,22043 0,13351 0,55031. 0,33507 
1,s 0,38004 0,18323 0,11174 0,45745 0,27752 
2,0 0,32264 0,15561 0,095744 0,38745 0,23451 
4 5  0,22841 0,11121 0,070468 0,27227 0,1G471 
3,0 0,17292 0,085819 0,056375 0,20434 0,12437 
3,5 0,13738 0,069391 0,047786 0,16084 0,099027 
4,o 0,11321 0,059493 0,042203 0,13131 0,082115 
4,5 0,096034 0,052196 0,038390 O,i1035 0,070298 
5,O 0,083381 0,046933 0,035683 0,094954 0,061736 
5,5 0,073791 0,043023 0,033701 9083317 0,O55346 
6 0,066350 0,040044 0,032212 0,0743 15 0,050460 
7 0,055746 0,035897 0,030174 0,061521 0,043615 
8 0,048706 0,033227 0,028893 0,053069 0,039172 
9 0,043803 0.031420 0,028044 0,047211 0,036139 

10 0,040259 0,030147 0,027459 0,042993 0,033984 
12 0,035603 0,028533 0,026741 0,037480 0,031215 
14 0,032789 0,027602 0,026344 0,034162 0,029583 
16 0,030971. 0,027026 0,026112 0,032025 0,028551 
18 0,029736 0,026652 0,025969 0,030574 0,027863 
20 0,028863 0,026400 0,025879 0,029551 0,027385 

,(a, 3)* 

26,861 
24,380 
22,603 
21,254 
20,188 
19,306 
18,539 
17,842 
17,511 
15,963 
14,562 
13,314 
12,218 
11,264 
10,432 
7,9644 
6,3325 
5,1671 
4,2979 
3,6313 
3,1093 
2,6932 
2,5163 
1,8518 
1,4251 
1,1350 
0,92857 
0,77620 
0,66031 
0,5G994 
0,49799 
0,39269 
0,31795 
0,26453 
0,22451 . 
0,15927 
0,1212s 
0,097225 
0,081063 
0,069699 
0,061419 
0,05521 0 
0,050440 
0,043723 
0,039335 
0,036324 
0,034176 
0,031400 
0,029753 
0,028705 
0,028003 
0,027513 
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q f o r  x = -m by means of r e l a t i o n s h i p s  (lo), (11) and (12). The values  of Krt'r*rt and K cr are given below f o r  each f3: 

f3 1.5 2.0 .2.5 3.0 3.5 4.0 4.5 5.0 

Krt 0.15730 0.22112 0.29777 0.38514 0.48085 0.58285 0.689550 0.79974 

r* 2.3550 1.8862 1.6278 1.4719 1.3713 1.3028 1.2539 1.2178rt 
KO 5.3412 14.940 36.024 80.970 175.01 369.40 767.96 1,580.6 

The va lues  of b"rt can b e  found from (10). 

The dimensionless c o l l i s i o n  i n t e g r a l s  R ( "')* and t h e  dimensionless ef f ec

t i v e  c ross  s e c t i o n  Q(')* are r e l a t e d  t o  t h e  uncorrected q u a n t i t i e s  R"' and 

Q "I i n  t h e  following manner : 

The values  of R (''''* f o r  f3 = 1.5 are given i n  t h e  t a b l e .  Figures 1-14 are 

graphs of Q(')*and x. 

Examp 1e 

Calcula te  t h e  v i s c o s i t y  c o e f f i c i e n t  rl of a gas which c o n s i s t s  of homogene
ous s t r u c t u r e l e s s  p a r t i c l e s  which i n t e r a c t  with t h e  Morse p g t e n t i a l  and have t h e  
following parameters f o r  T = 5,000°K: De = 4 e V ;  re = 1.8 A; f3 = 1.5. The 

molecular weight of t h e  gas i s  M = 30 g/g.mol. W e  then have 

The obtained va lue  of T* does n o t  co inc ide  with t h e  t a b u l a r  values  of T*; 
therefore ,  t o  f i n d  t h e  va lue  of R (2s2)* f o r  T* = 0.10771, it  is  necessary t o  re
s o r t  t o  i n t e r p o l a t i o n .  By s e l e c t i n g  0.14000 as t h e  va lue  of T*0 and using t h e  
Gaussian i n t e r p o l a t i o n  formula f o r  equal  i n t e r v a l s  f o r  backward i n t e r p o l a t i o n  
[5], w e  o b t a i n  R ("')* (0.10771) = 11.558. 

According t o  [l] (p. 420, formula 218), 
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0 

where r is given in A, T in OK, and M in g/g-mol. From ( 2 0 )  we obtain e 

REFERENCES 


1. Hirschfelder, J., C. Curtis and R. Berg: MoZekuZyarnaya teoriya gazov i 
zhidkostey. (Molecular Theory of Gases and Liquids.) Moscow, I L ,  1961. 

2 .  	 Mason, E. A. and J. T. Vanderslice: Transport properties of high-tempera
ture multicomponent gas mixtures. Phys.  F z u i d s ,  V o l .  2 ,  N o .  6 ,  1959. 

3.  	 Monchick, L.: Collision integrals for the exponential repulsive potential. 
Phys.  F Z u i d s ,  V o l .  2, No. 6 ,  1959. 

4 .  	 Samuylov, Ye. V. and N. N. Tsitelauri: Collision integrals for the Morse 
potential. Teplofizika Vysokikh Temperatur, Vol. 2 ,  No. 4 ,  1964. 

5. 	 Berezin, I. S. and N. P. Zhidkov: Metody vychisleniy. (Calculation Meth
ods.) V o l .  1. MOSCOW, Fizmatgiz, 1962.  

24 



ATTRACTIVE INTERACTION POTENTIALS BETWEEN 

Li-Li ATOMS IN GROUND STATES 


Ye. V. Samuylov and N. V. Voskresenskaya 


Interaction potentials can be calculated, in principle, with the methods of /25 
quantum mechanics. However, due to the awkwardness of the calculations by these 
methods, satisfactory results are obtained only for interactions between atoms 
with a small total amount of electrons. 

Experiments on the scattering of atomic beams, experiments on the measure

ment of vibrational relaxation in gases, data on viscosity, thermal conductivi

ty, and diffusion coefficients of gases at high temperatures, spectroscopic mea

surements, etc., are a source of experimental data on the interaction potentials 

between atoms. The transition from experimental data to interaction potentials 

is possible only in the presence of a sufficiently satisfactory theory of the 

investigated properties and involves awkward calculations in the majority of 

cases. 


Atoms can interact with various types of potential curves in ground states, 
depending on the mutual orientation of the spin and orbital moments of the elec
trons of the outer shell, i.e., with repulsive or attractive potential curves. 
The experimental data on spectroscopy of diatomic molecules make it possible to 
calculate attractive potential curves. The fundamentals of the method for cal
culating attractive potential curves on the basis of molecule band spectra were 
provided by R. Rydberg [l] and 0. Klein [ 2 ] .  A further development of the meth
od is given by A. Rees [31, J. Vanderslice e t  aZ. [41, N. Singh and D. Jain [51.
In particular, reference [4]provides a method for calculating potential curves 
in which the vibrational energy of a diatomic molecule is expressed in the form 
of a power series (V + Q )  (V is the vibrational quantum number) which includes 
any powers of (V + k) above the second power. Reference [5] proposes a less awk
ward means of calculating f,which expresses the distances of minimum rmin and 
maximum r m m  approach of atomic nuclei for the given value of total energy. 


This paper gives a method for calculating attractive potential energy curves in 
a case when the rotational constant B

V 
is expressed in.the form of a power ser

ies (V + k) which includes the second power of (V + %). The results of calcula
tions of the attractive interaction potential between Li-Li atoms in the ground 
states also are given. Attractive curves were computed for the Li-Li interac
tion, with and without the second power of (V + 4) taken into account in a ser
ies for B v.  rm i n  and P m m  were obtained for all values of the vibrational quan
tum number from v = 0 to v = vm m  ( ' m m  is the maximum value of the vibrational 

quantum number at which the molecule is stable). 


Method for Calculating Potential Energy Curves /26___ ~-
on the Basis of Spectroscopic Data 


25 



According to 11, 23, the calculation of rmin and T 
m a z  for the given value of 

total energy U amounts to a calculation of f and g 

where 


E(I, 8) is the total energy of a molecule expressed in the form of a series with 
respect to I and x; 

j is the rotational quantum number of a molecule; U = E(I', x); p = m m /(ml +
1 2  

m2); ml and m2 are the masses of atoms 1 and 2; h is the Planck constant. The 

derivatives aSlaU and aslax are calculated in explicit form if E(I,x) is a 
qugdratic function of I [31 .  If E(I, z) includes higher powers of I, the inte
gral of (3) can be broken down into (v + 1) segments in the calculation of f 
and g ,  and E(I, can be approximated by a quadratic function with respect to 
I in each segment from Iv-1 to Iv .  A s  a result, we obtain 

where Iv-1 = 0. The quantity EV has the following form in the variables v and 
j :  

E.=hc(oev(.++ (....,. (u++)2+ 

+pe-Q, (v ++) -Be (0 + i (i+1)-DJT (i+1~); 
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in variables Iand X: 


E, =c [ p J  -m,12+hB,bx +hD,b2X2J, (7)  

where c is the velocity of light; Bey aey and 8, are rotational spectroscopic 
in cm-1
constants in em-'. The quantities w and ( w ~ ~ c ~ ) ~  are calculated on the 

ev 
basis of the values of the spectroscopic vibrational constants w e y  wexeY w e y e y  
and w z : 

e e  

1(o,5,), =o,5, -2o,y,v -o,z, (3u2+T ); 
(9 )  

The values of rm i n  and r m m  will be calculated below for all possible vi- /27 
brational states of an Li2 molecule and the rotational energy equal to zero. 
This requires that f and g be determined when x = 0 .  A s  a result of integration 
of ( 4 ) ,  we obtain 

where 


*-1 = 0 in expression (12); U n ,  U
V 
and all spectroscopic constants are ex

pressed in cm -1. Expression (12) was derived in [ 4 ] .  Consideration of the term 
proportional to B (V + \)i(j + 1) in the expression for fn,z=o does not intro

e 
duce any changes. 


Integration of expression (5) results in 

-&) +hB, +2hD,bx] 1 In Wz,o, 
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where 


A ,  =h. (U ,  -Bebx-Deb2x2). (15) 

All spectroscopic constants and the quantities U n and U
V are expressed in cm-l; U-l = 0 .  When x = 0,we obtain 

Only a small number of vibrational bands were examined for the majority of 

diatomic molecules, which makes it possible, strictly speaking, to calculate the 

potential curve in a small segment of values of total energy. To calculate the 

potential curve for the values of v which are greater than those observed, it is 
first necessary to evaluate the regularity.ofthe arrangement of vibrational 
1e;els when v > vobs up to v m m  (vobs is the maximum value of the observed 
quantum number). 


This can be done in the case of Liz after supplementing the expression for /28 
the vibrational energy with an additional term equal to w z (V + 4 ) 4  and detere e  
mining vm m  and w ze e  from the combined solution of the following two equations: 

where 


De is the dissociation energy of an Li2 molecule, read from the minimum of the /29 
potential curve. Both equations (17) are approximate. This method of determin
ing vm and w ze e  was used, for example, in [6]. 
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TABLE 


u E,, cu-a 

I I 

0 175,07 351,43 2,5921 2,8480 2,51G3 2,8480 2,5163 
1 521,30 351,44 2,6049 2,9910 2,4129 2,9912 2,4130 
2 862,28 351,46 2,6202 3,0976 2,3464 3,0981 2,3469 
3 1198,O 351,51 2,6379 3,1897 2,2950 3,1907 2,2961 
4 1528,3 351,58 2,6581 3,2736 2,2523 3,2754 2,2541 
5 1853,l 351,68 2,6807 3.3524 2,2155 3,3551 2,2182 
6 2172,5 351,82 2,7058 3.4276 2,1828 3,4313 2,1866 
7 2486,2 352,OO 2,7333 3,5002 2,1534 3,5053 2,1585 
8 2794.2 352.22 2,7632 3,571 I 2,1265 3,5777 2,1330 
9 3096,4 352,50 2,7956 3,6405 2,1015 3,6461 2,1098 

10 3392.6 352,83 2,8305 3,7097 2,0783 3,7199 2,0885 
11 3682,8 353,22 2,8ti78 3,7781 2,0564 3,7904 2,0688 
12 3966,6 353,68 2,9076 3,8463 2,0357 3,861 1 2,0504 
13 4244,2 354,20 2.9498 3,9147 2,0159 3,9320 2,0332 
14 4515,l 354,81 2,9944 3,9834 1,9968 4,0037 2,0171 
15 4779,4 355.49 3,0415 4,0527 1,9785 4,0762 2,0019 
16 5036,7 356,26 3,0910 4,1229 1,9606 4,1498 1,9874 
17 5287,O 357.12 3,1430 4,1943 1,9431 4,2248 1,9737 
I 8  5529,9 358.07 3,1975 4,2670 1,9259 4,3016 1,9605 
19 5765,4 359,12 3,2544 4,3414 1,9089 4,3802 1,9478 
20 5993,l 3 6 0 3  3,3137 4,4177 1,8920 4,4612 1,9355 
21 6212,9 36154 3,3755 4,4964 1,8751 4,5449 1,9236 
22 6424,5 362,93 3,4397 4,5777 1,8580 4,6315 1,9119 
23 6627.6 364,43 3,5064 4,6622 1,8407 4,7217 1,9003 
24 8822,O 366,05 3,5755 4,7503 1,8231 4,8160 1,8887 
25 7007,5 3fi7,80 3,6471 4,8427 1,8049 4,9149 1,8771 
26 7183,7 31i9,69 3,721 1 4,9400 1,7861 5,0192 1,8653 
27 7350,3 371,72 3,7976 5,0432 1,7666 5,1298 1,8532 
28 7507,l 3'13,Y9 3,8765 5,1533 1,7460 5,2479 1,8407 
29 76538 376,21 3,9559 5,2716 1,7242 5,3747 1,8274 
30 7789,9 378,GY 4,0417 5.3998 1,7010 5,5121 1,8133 
31 7915,3 381,3L 4,1280 5,5403 1,6759 5,6624 1,7980 
32 8029,5 384,10 4,2167 5,6959 1,6485 5,8285 1,7811 
33 8132,3 387,07 4,3078 5,8709 1,6182 6,0147 1,7621 
34 8223,2 390,20 4,4014 6,0712 1,5843 6,2273 1,7403 
35 8301,9 393.52 4,4975 6,3061 1,5455 6,4753 1,7147 
36 8368,O 397,Ol 4,5960 6,5904 1,5001 6,7730 1,6837 
37 8421,l 400,70 4,6970 6,9507 1,4450 7,1501 1,6443 
38 8460,9 404-58 4,8004 7,4427 1,3744 7,6595 1,5912 
39 8486,8 408,65 4,9062 8,2149 1,2742 8,4514 1,5106 
40 8498,6 412,93 5,0145 10,020 1,0837 10,278 1,3414 

Prel iminary Data and Calculat ion Resul ts  

The spec t roscopic  d a t a  used i n  t h e  ca lcu la t ions  w e r e  taken from t h e  book 
by G.  Herzberg [71:  w = 351.435 c m-1; w 3: = 2.592 c m-1; w y = 0.0058 cm-';

-1 e e e  -1 e e
Be = 0.67272 cm ; ae = 0.00704 c m - l Y  6 ,  = 0.00008 c m  ; Do = 1.04 e V  (Do i s  t h e  
d i s s o c i a t i o n  energy of a molecule read from t h e  zero v i b r a t i o n a l  l e v e l ) .  A s  a 
r e s u l t  of so lv ing  equat ions (17), w e  have: W e z e  = -0.408-1C1-~ cm-'; v = 40. m 
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The quantities rmin and rm m  were calculated for two cases: when 8, = 0 and 8, 
= 0.00008 cm -1. The results of the calculation are given in the table. 

The values of rmin and rmax do not reflect the actual behavior of the po
tential curve for large values of v (close to vmax >. When the r values are 
large, the potential function should tend to a dispersion energy equal to -alr 6 , 
where a is constant. 
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THERMODYNAMIC PARAMETERS O F  CESIUM B M I N D  INCIDENT 
AND REEIECTED SHOCK WAVES 

S. G .  Zaytsev 

The experimental  i n v e s t i g a t i o n  of t h e  s p e c i f i c  p rope r t i e s  of a dense low-
temperature plasma may be  conducted i n  a s p e c i a l  shock tube  which makes it pos
s i b l e  t o  s tudy the  propagat ion of shock waves i n  t h e  vapors of a l k a l i m e t a l s .  
The s e l e c t i o n  of a l k a l i  m e t a l s  w a s  prompted by t h e  f a c t  t h a t  they possess an ex
tremely low i o n i z a t i o n  p o t e n t i a l  and, consequently, make i t  poss ib l e  t o  ob ta in  
a maximum degree of i o n i z a t i o n ,  o the r  condi t ions being equal.  

To conduct t hese  i n v e s t i g a t i o n s ,  t he  w a l l  temperature of t h e  shock tube 
must be e leva ted  t o  t h e  dew po in t  which corresponds t o  t h e  requi red  vapor pres
s u r e  of t he  inves t iga t ed  substance i n  the  low-pressure chamber. The va lues  of 
t h e  i o n i z a t i o n  p o t e n t i a l s  and t h e  temperatures which correspond t o  the  pressure  
of s a t u r a t e d  vapors a t  1, 10,  and 100 mm Hg are l i s t e d  i n  Table 1 [l]. 

TABLE 1. 

Ioniza
t i o n  
pot., eV 

~ ~~ -

Li . . . . . . . . .  t w 7  im 723 881 109'37 .L37 

N a  . . . . . . . . .  ?2.997 !)7,5 43'3 549 ,70 1 5,12

K . . . . . . . . .  39,096 6%,3 341 443 5% 4.32 

Ru . . . . . . . . .  S5.48 X3,5 297 389 514 4.1F


.> . 
cs . . . . . . . . .  13'.91 -h.J 279 375 509 3.87 


A s  can be seen ,  t h e  app l i ca t ion  of cesium f o r  s tudying t h e  p rope r t i e s  of 
low-temperature plasma is  more s u i t a b l e  s i n c e  i t  possesses  a minimum ion iza t ion  
p o t e n t i a l  and a minimum temperature a t  i d e n t i c a l  p ressure  of s a t u r a t e d  vapors. 

L e t  us consider  t h e  values  of t h e  thermodynamic parameters behind an inc i 
dent  and a r e f l e c t e d  shock wave f o r  two i n i t i a l  gas states: !l'0 = 600°K; p o  = 1 

mm Hg; I0 = 700°K; p o  = 10 mm Hg (cesium vapors are c l o s e  t o  s a t u r a t i o n  under 

these  condi t ions) .  

The poss ib l e  quan t i ty  of molecular cesium, Cs2, does n o t  exceed 10-5% when 
Po = 600" and p 0 = 1mm Hg. This estimate is made on t h e  b a s i s  of t he  following 

constants  of t h e  C s  molecule:
2 
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-- 

The relative molar concentrat ions of cesium are determined from t h e  r e l a t i o n - /31
s h i p  

where Qcs and Qcs are t h e  s t a t i s t i ca l  sums of a cesium molecule and atom; Xcs2 
is  t h e  relative molar concentrat ion of cesium; D i s  t h e  d i s s o c i a t i o n  energy of 
a cesium molecule i n  degrees;  T is  t h e  temperature i n  degrees Kelvin; p is  t h e  
pressure  i n  atmospheres. By approximating a cesium molecule t o  a model of a 
r i g i d  harmonic o s c i l l a t o r ,  w e  have 

1 1 1-Qce, =- hc 2 
hc- B r i - e  k wo P 
k 

where B e = 1.26 c m  -1 is  t h e  r o t a t i o n a l  cons tan t  of C s  2' 

Thus , t h e  inf luence  of t h e  molecular component on t h e  thermodynamic para
meters of cesium vapor i n  t h e  i n i t i a l  s ta te  may b e  disregarded.  

The thermodynamic p r o p e r t i e s  of cesium vapors ,  which c o n s i s t  of atoms i n  
t h e  i n i t i a l  s ta te ,  have t h e  following values  (Table 2 ) .  

The parameters behind i n c i -
TABLE 2. dent and r e f l e c t e d  explosions 

w e r e  computed by means of t h e  

Parameter I 
~~ 

( 1  "Hg)6000K 
700°K
(10mm_Hg) 

equat ions of t h e  conservat ion of 
mass, momentum, and energy on a 
plane shock f r o n t .  The calcula-
t i o n  method i s  descr ibed i n  [4] .  

0,22416.102 0,2615 * 102 The process  of t h e  normal r e f l e c -
0,355 * lO ' - j  0,304.10-4 t i o n  of a shock wave from an ab-

250,7 
132,9 

270,l 
132,9 

s o l u t e l y  r i g i d  w a l l  i s  assumed 
t o  be a d i a b a t i c .  It is  a l s o  as-
sumed t h a t  t h e  s ta te  of gas be
hind t h e  shock f r o n t  s a t i s f i e s  

t h e  Clapeyron equation. The decrease i n  i o n i z a t i o n  p o t e n t i a l s  w a s  n o t  taken i n 
t o  account. 

The r e s u l t s  of t h e  c a l c u l a t i o n  are p l o t t e d  on a graph [ s e e  Figure 1 1 ,  where 
t h e  LS dots  i n d i c a t e  t h e  values  of t h e  pressure  and temperature behind an i n c i 
dent shock wave which i s  propagating i n  cesium vapors (IT0 = 600" , p o  = 1mm Hg) 
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with t h e  Mach number Ms = i. The IR dots  denote t h e  values  of t h e  parameters. 
behind a r e f l e c t e d  wave. The 2s and 2R dots  i n d i c a t e  t h e  values  of t h e  tempera
t u r e  and pressure  behind t h e  i n c i d e n t  and r e f l e c t e d  waves, respec t ive ly ,  which 
a r e  propagating i n  cesium vapors (T0 
correspond t o  an i d e n t i c a l  degree of 
s h i p  a = Xcs+l  (Xcs + xes+)' 

The.dashed curves correspond t o  
determine t h e  r a t i o  of t h e  energy of 
p a r t i c l e s  t o  t h e i r  thermal energy 

= 700°, p o  = 10 m Hg). The s o l i d  curves 

i o n i z a t i o n  determined from t h e  r e l a t i o n -

t h e  f i x e d  va lues  of t h e  parameter 6, which 
the e l e c t r o s t a t i c  i n t e r a c t i o n  of charged 

where r is t h e  d i s t a n c e  between charged p a r t i c l e s ,  which can b e  determined from 
t h e  r e l a t i o n s h i p  

r =V N = ( X ~ , ++X B ) ,  ( 2 )  

where N is  t h e  t o t a l  number o f  p a r t i c l e s  i n  cm 3 . By s u b s t i t u t i n g  (2) i n t o  (1) __ 
and using t h e  r e l a t i o n s h i p  p = N W ,  w e  have 

T, "K 
IO 000- I 

I 
1 
I 
I 

H e r e  p is  given i n  atmospheres 

8 000 
and T i n  degrees. 

The c a l c u l a t i o n  w a s  gerformed 
a t  temperatures t o  10,000 K. 
Radiation l o s s e s  w e r e  not  taken 
i n t o  account. The graph i n d i c a t e s  
t h e  values  of temperature and p res 
s u r e  behind i n c i d e n t  and r e f l e c t -

/ ed shock waves propagated a t  Ms d  
1 2  and M < 8, respec t ive ly .

S 
4000 

Figure 1. Values of Temperature 
and Pressure  Behind Incident  and --_ 	 Reflected Shock Waves Propagating 
i n  Cesium Vapors. (1.1) a = 0.01; 
(1 .2)  a = 0.1; f1.3) a = 0.5;  
(1.4) a = 0.9; (2.1) @ = 0.05; 

I d '  1 10, l o g  p (2.2) @ = 0.1; (2.3) @ = 0.2. 
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The s u b s t a n t i a l  experience i n  working w i t h  shock tubes i n d i c a t e s  t h a t  t h e s e  
condi t ions can be obtained by using a single-diaphragm tube and by employing mix
t u r e s  o f  n i t r o g e n  and helium as t h e  propel l ing  gases.  

A s  can b e  seen,  t h e  cesium plasma obtained behind t h e  i n c i d e n t  and r e f l e c t 
ed shock waves w i l l  have an i o n i z a t i o n  f a c t o r  of approximately 80%, while  t h e  
r a t i o  of e l e c t r o s t a t i c  energy t o  thermal energy, ;.e., t h e  c o e f f i c i e n t  6, is  ap
proximately 20%. 

This r e s u l t  i n d i c a t e s  t h a t  i n  the given case one should expect t o  o b t a i n  a 
gas  medium w i t h  p r o p e r t i e s  which d i f f e r  e s s e n t i a l l y  from t h e  p r o p e r t i e s  of a 
p e r f e c t  gas ,  s i n c e  t h e  percentage of energy of t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  of /33 
p a r t i c l e s  is comparable w i t h  t h e i r  thermal energy. The l a t t e r  poin ts  out  t h a t  
t h e  r e s u l t s  of c a l c u l a t i n g  t h e  thermodynamic parameters may be considered only 
as t e n t a t i v e  and i n d i c a t i v e  of t h e  experimental  f e a s i b i l i t y  o f . o b t a i n i n g  a low-
temperature dense plasma. 
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CALCULATION OF PHOTOIONIZATION CROSS SECTIONS OF NITROGEN 
AND OXYGEN ATOMS AND THEIR IONS IN EXCITED STATES 

V. M. Nikolayev and Yu. A .  Plastinin 

A general expression for a photoionization cross section can be presented /34
in the following form (without fine splitting taken into account): 

where wnZLS ( T )  is the probability that an atom will be in the nZLS state; 
isnZLS (A) is a photoionization cross section caused by emission with a wavelength 
A of an atom in the nZLS state; nZ is the principal quantum number and the orbit
al moment of a photoionized electron; LS is the orbital and spin moment of the 
atom. 

In thermodynamic equilibrium, the state population is determined by the 

Boltzmann law. In this case 


where w nZLS is the statistical weight of the nZLS state; xnZLS is the excitation 
energy of the nZLS state with respect to the ground state; B ( T )  is the statisti
cal sum. 

The quantity (5nZLS 
is determined in the wavelength range of X < An Z L S y  

where X n Z L S  is the threshold wavelength for the nZLS state; isnZLS = 0 in the 

range of X > XnZLS' 

Consequently, the dependence of the photoionization cross section on the 
wavelength X has a jump-like character, whereby due to the fact that w ( T )  de
pends exponentially on temperature, the jumps of the cross section in the 
thresholds sharply increase as the temperature increases. 

The total number of terms in an isolated atom is very great (although, of 

course, it is related to radiation expansion of the upper excited terms which 

are adjacent to the boundary of the continuous spectrum). Under the conditions 

of actual plasma, due to the effect of microfields, the number of atomic terms 

observed is significantly reduced, but nevertheless remains sufficiently large 

(to several hundred levels). This imposes definite difficulties on numerical 

calculations by means of formula (1) when employing such time-consuming methods 

for calculating unZLS 

cross sections as, for example, the Hartree-Fock self
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c o n s i s t e n t  f i e l d  method w i t h  exchange, o r  the mul t iconf igura t ion  approximation 
method. The semi-empirical quantum d e f e c t  method developed by Seaton and 
Burgess [ l ,  21 has been used ex tens ive ly  a t  t h e  present  t i m e .  

This paper p r e s e n t s  t h e  r e s u l t s  of c a l c u l a t i n g  photo ioniza t ion  c ross  sec
t i o n s  of n i t rogen  and oxygen atoms by t h e  quantum d e f e c t  method i n  t h e  s p e c t r a l  
range of X >, 0.12 pm, which corresponds t o  photoabsorption from e x c i t e d  states. 

I f  w e  use t h e  Seaton-Burgess expression f o r  onZLS [ 2 ] ,  formula (1) can b e  /35 

presented i n  t h e  following form ( f o r  exc i ted  nZqn'Z' conf igura t ions)  : 

where L " i s  t h e  o r b i t a l  moment of an ion  obtained as a r e s u l t  of photoioniza
t i o n ,  i . e . ,  t h e  so-cal led parent  term. 

- When c a l c u l a t i n g  t h e  sums of (3) with r e s p e c t  t o  n Z L S Z f L ' ,  t h e  quantum-
mechanical s e l e c t i o n  r u l e s  wi th  respect t o  S and L" should be borne i n  mind: 
t r a n s i t i o n s  are p o s s i b l e  only between terms of i d e n t i c a l  m u l t i p l i c i t y  with iden
t i c a l  parent  terms. 

v 
The following des igna t ions  are introduced i n  formula ( 3 ) :  A i s  t h e  wave

length  i n  pm; AnZLS i s  t h e  threshold wavelength of t h e  nZLS s ta te  i n  pm; v is 

t h e  e f f e c t i v e  quantum number of t h e  nZLS s t a t e  

where Ry = 109,737.309 cm" ; I n z L s  i s  t h e  i o n i z a t i o n  p o t e n t i a l  of t h e  nZLS s t a t e  

i n  cm -1; z is  t h e  r e s i d u a l  ion  charge; 
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p is the quantum defect 


p ( ~ )  = p ( - l / v  
2
) is the analytical expression of the dependence Lf the quantum 

2defect of the ZLS series on E = - l / v  ; 
v ' ( E ' )  is the analytical expression of the 
dependence of the quantum defect of the 
Z'L'S' series on E ' ;  

C I I .= 1 ;  i when 1'= 1 + 1; ( 8 )  

1tip=- when 1'==1- 1; ( 9 )21 + 1 

2 ( Z Z f L L ' ;  1L") is the square of the Racah 

coefficient. The quantity W2 is tabu
lated in [ 3 ] ;  the analytical expression for 
W 2 can be found, for example, in [4]. The 
functions G22'3 Y Z Z "  " Z Z ' J  X Z Z '  and B Z Z '  
are tabulated in [2]. 


The quantities I nZLS' %ZLS and wnZLS 
42 44 46 48  $0 r.2 	 for each nZLS term, and also the analytical 

expression of V ( E )  for each ZLS series are 
determined from the data given in [5] with-

Figure 1. NI Cross Section. out taking into account splitting with re
(1) 8,000'K; (2) 9 , 0 0 0 ;  ( 3 )  spect to J .  
10,000; ( 4 )  11,000; ( 5 )  
12,000. The selected calculation procedure /39

has advantages as compared with those used 
previously. Thus, it is indicated in [ 6 ,  7, 8 ,  91 that the application of the 
Unstrld formula for calculating the photoionization cross sections of complex 
atoms, which has been applied by many authors, can lead to large errors. An 
expression is proposed in [ 6 ,  7 ,  8, 91 which differs from the UnsSild formula 
by the correction factor c(X, T )  [ 6 ] .  It takes into account the deviations in 
the photoionization cross sections from corresponding hydrogen cross sections 
for terms which have an essential quantum defect. The analytical form of c ( h ,  
was obtained in [6-91 as a result of simplifications of the Seaton-Burgess ex
pression for photoionization cross sections, whereby the function c ( A ,  T )  varies 
the cross section in dependence on A on the average, without taking into account 
the structure of photoionization absorption in the thresholds. In addition, it 
was proposed that the radial integrals are identical within the limits of each 
set of terms s, p ,  d, etc. 

Of interest in this connection are the calculations of the photoionization 
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Figure 2. N I  Cross Sec t ion .  (1) Figure  3. 01 Cross Sec t ion .  (1) 
12,000'K; (2) 14,000; ( 3 )  16,000; 8,000'K; (2) 9,000; (3) 10,000 ; 
( 4 )  18,000; ( 5 )  20,000. ( 4 )  11,000; (5) 12,000. 

Figure  4 .  01 Cross Sec t ion .  (1) 
12,000'K; (2)  14,000; (3) 16,000; 
( 4 )  18,000; (5) 20,000. 
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F igure  5 .  N I I  Cross Sec t ion .  (1) Figure 6. NII Cross Sect ion.  (1) 
12,000°K; (2)  14,000; (3) 16,000. 16,000°K; (2)  18,000; (3) 20 ,000 ,  

Figure  7. 011 Cross Sec t ion .  

4' 42 43 44 45 (11 12,000"K; (2) 14,000. 
X,vm 
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Figure 8. 011 Cross Sect ion.  (1) 
165000°K; ( 2 )  18,000; (3) 

qr 42 43 qu 

Figure 10. Comparison of 
Resul ts  of Calcu la t ions  of 
Cross Sect ions f o r  an  011 Ion 
a t  T = 20,000"K. --- accord
ing  t o  [SI ; -according t o  
formula ( 3 ) .  

42 0,U 46 4 9  50 42 1.4 
,w 

Figure 9.  Comparison of t h e  Resul t s  
of Calcu la t ions  of Cross Sect ions 
f o r  N I  and 01 Atoms a t  T = 20,000"K. 
--- according t o  [6-91; -according 
t o  formula ( 3 ) .  

cross  s e c t i o n s  d i r e c t l y  by means of t h e  
quantum d e f e c t  formulas. These calcula
t i o n s  w e r e  performed f o r  N I  and 01 atoms 
and N I I  and 011 i o n s ,  and are i l l u s t r a t e d  
i n  Figures  1-8. The level energ ies  given 
i n  [5] w e r e  used f o r  t h e  c a l c u l a t i o n s .  A 
comparison of t h e  r e s u l t s  wi th  t h e  d a t a  
given i n  [6-91 i s  shown i n  Figures 9 and 
10. 
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ABSORPTION CROSS SECTIONS OF ELECTRONIC BAND SYSTEMS OF DIATOMIC /41 
-k5' 02' N2' NO, C2 AND CN MOLECULES AT HIGH TEMPERATURES 

Yu. A. P l a s t i n i n  and G. G. Baula 

The absorp t ion  c r o s s  s e c t i o n s  of e l e c t r o n i c  band systems of diatomic N2 ,+
02, N2,  NO, C2 and CN molecules are necessary f o r  c a l c u l a t i o n s  of t h e  r a d i a t i o n  

energy of heated gases [ l ,  21. Therefore,  t h e  absorp t ion  c ross  s e c t i o n s  of t h e  
enumerated molecules are c a l c u l a t e d  i n  t h i s  paper i n  a broad s p e c t r a l  range and 
i n  a l a r g e  temperature i n t e r v a l  of 9 = 2,000-20,000°K. 

E l e c t r o n i c  band systems a t  high temperatures c o n s i s t  of a very l a r g e  num
b e r  of r o t a t i o n a l  l i n e s .  To s impl i fy  t h e  c a l c u l a t i o n ,  t h e  r o t a t i o n a l  l i n e s  i n  
a band are considered t o  b e  completely overlapping and t o  form a continuum; sum
mation with r e s p e c t  t o  a d i s c r e t e  series of l i n e s  is  replaced by i n t e g r a t i o n  
with respec t  t o  e l e c t r o n - v i b r a t i o n a l  bands. The i n t e g r a l  exponent of t h e  ab
s o r p t i o n  of a r o t a t i o n a l  l i n e  is given by t h e  expression [ 3 ] .  

where v
j 'it'i s  t h e  wave number of t h e  l i n e ;  N

m v 3
I I . l I  is  t h e  number of molecules 

s i t u a t e d  on t h e  lower energy l e v e l  of a molecule, t o  which t h e r e  correspond t h e  
quantum numbers m", v " ,  and i l l ;  Sjljl, i s  t h e  H&l-London f a c t o r ;  qv u I ,  is  t h e  

Franck-Condon f a c t o r ;  R2 i s  t h e  square of t h e  e l e c t r o n i c  d ipole  mat r ix  element;e 
r

V 1 V "  
i s  an r -cent ro id .  The remaining designat ions are universa l .  

The i n t e g r a l  exponent of t h e  absorpt ion of a group of r o t a t i o n a l  l i n e s  
which have t h e  same lower r o t a t i o n a l  level may b e  found by using t h e  sum r u l e  

Since vjlj l l  >> A v . ~. l l  (Avjljll is  t h e  d i s t a n c e  between l i n e s  of t h e  given group),
3 3  

formula (2)  can be used t o  der ive  t h e  following from equat ion (1) :  
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where 3 is  the  mean wave number f o r  t h e  group of r o t a t i o n a l  l i n e s .  The sum-
i l l  

mation i n  equat ion (3) corresponds t o  the  add i t ion  of t h e  i n t e g r a l  absorpt ion 
exponents of t h e  l i n e s  of var ious  band branches.  I f  t he  d i s t r i b u t i o n  of mole
cules  with r e spec t  t o  energy l e v e l s  corresponds t o  t h e  Boltzmann l a w ,  

* *  
Here Qr, Q,, and Qe are t h e  r o t a t i o n a l ,  v i b r a t i o n a l  and e l e c t r o n i c  s ta t i s t ica l  

sums with r e spec t  t o  states, r e spec t ive ly ;  Te and G ( v )  are t h e  e l e c t r o n i c  and 

v i b r a t i o n a l  terms of the  molecules; g,,, is the  s t a t i c  [ sCC]  weight of t he  lower 

e l e c t r o n i c  state;  B, is  the  r o t a t i o n a l  cons tan t .  

The mean absorpt ion exponent f o r  t he  s e l e c t e d  i n t e r v a l  of wave numbers AV 
can be obtained i f  expression (3) i s  i n t e g r a t e d  with respec t  t o  v

j and is  
divided by AV -

i l l .  

k,do 
IC, =- j '  l i n e  dvjn. 

(5)Av 
-..--

H e r e  A i  i s  t h e  d i s t ance  between adjacent  groups of l i n e s .  The in tegrand  func
i l l  

t i o n  i n  equat ion (5) depends on the  v a r i a b l e  i l l ,  which is  r e l a t e d  t o  j "  and-
A V d l , .  For high temperatures ,  a t  which l a r g e  va lues  of i l l  correspond t o  maximum 

J -
i n t e g r a l  exponents,  t h e  approximate dependence of on vi,, can be used f o r  di
atomic molecules [ 41 : 

Hence, w e  determine t h e  d i s t ance  between ad jacent  r o t a t i o n a l  l i n e s  
,--

By s u b s t i t u t i n g  expressions ( 3 ) ,  ( 4 ) ,  ( 6 ) ,  (7)  i n t o  equat ion (5) and t ransferr-& 
ing  from the  wave number t o  the  wavelength, w e  ob ta in  t h e  following expression 
f o r  t he  absorpt ion c ross  s e c t i o n  averaged i n  an i n t e r v a l  of wavelengths A x :  

4 3  



x--

H e r e  

G (u)=O,,U -O,Z,U~f O,Y,U~ +w,z,v~; 

t"ax 

Q: =2 exp {- T 

Q,= C g , e x p  (- 1 * 4 3 p T k ) ;  

k 

Xoo is t h e  wavelength of t h e  beginning of t h e  (0, 0 )  band; gk  i s  t h e  s t a t i c  

[ s i c ]  weight of t h e  e l e c t r o n i c  s t a t e ;  Tk is  t h e  energy of t h e  e l e c t r o n i c  s ta te ;  

U0Y UOXO Y UoYo Y ( y y oY and ae are molecular cons tan ts ;  N is  t h e  molecular concen

tration.  

The q u a n t i t i e s  i n  formulas (8) and (12) denoted by a s i n g l e  prime r e f e r  /44
t o  t h e  upper e l e c t r o n i c  s ta te ;  t h a s e  denoted by two primes r e f e r  t o  t h e  lower 
e l e c t r o n i c  state;  t h e  ones denoted by t h e  a s t e r i s k  r e f e r  t o  t h e  ground state.  
Summation i n  formula (8) i s  extended t o  a l l  term of t h e  sum which s a t i s f y  t h e  
i n e q u a l i t i e s  

b t >~1'9 if Bo,<Bo.; 
b f o "  <1'9 if B,, >Boo. 

These condi t ions r e f l e c t  t h e  shading charac te r  of t h e  v i b r a t i o n a l  bands. 

I n  d i s t i n c t i o n  from t h e  equat ions f o r  t h e  mean absorpt ion exponents given 
i n  [5, 61, t h e  e f f e c t s  of t h e  i n t e r a c t i o n  of movements i n  a molecule, i . e . ,  
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1 Y I.lm 

1,05095 
0,33703 
0,22029 
0,21984 
0,22687 
0,22625 
0,39114 
0,38762 
1,0971 
0,51603 
0,20258 
0,14501 
1,109 

14,913 
20,305 

7,458 

16,46 

-
20,2 

12,188 
17,2 
8,565 

13,825 
15.00 

TABLE 1. SPECTROSCOPIC CONSTANTS 


ae 1 "el WO 1 

wt-1 Gu-1 ut-' 

-~ 

1,6386 1,4550 0,0185 0,0183 1720,35 
1,8259 1,6386 0,0195 0,0185 2016,307 

1,126 1,7046 0,0152 0,0178 1030.15 

1,9972 1,7046 0,09928 0,00178 2358,34 
- 1,9258 - 0,01743 -

1,985 1,8989 0,023 0,01717 2143,7 
1,7166 1,8989 0,01716 0,01717 1799,728 
1,7527 1,6326 0,01608 0,01683 1771,40 
0,819 1,445 0,011 0,01579 592,08 
1,6181 1,9983 0,0183 0,01709 1579,875 
1,722 1,9258 0.018 0,01743 1888,42 

TABLE 1. (Continued) 


I 
I I 

wo *os 
ca-1 

-~ .

'"0. 

CM-' 


1446,248 
1720,35 

1891,001 

1891,001 

2191,OO 
2055,50 
2055,50 
1629,68 
1568,33 
2344,92 
2191,OO 

Umnx 

-
13,858 
14,913 

0.04842 
-2,15 

1,0~7.10-3 ,079.10-: 
1,8423* 10-2 0 

2,26.10-3 
0 

1175.98 
1175,98 

50 
50 

14,76 0,0967 5,7768 * 10-2 0 0 949,844 47 

14,76 0 6,7768 * 0 2,316. 10-3 949,844 47 

16,190 
13,111 
13,111 

-
0 

-0,012 

3,03 * 10-2 -
0,91 0 
0,91 0 

10-49 , ~ .  
0 
0 

1099,55 
1031,02 
1031,02 

21 
20 
20 

11,670 -0,5067 -2,98 0 0 817,758 57 

11,993 -0,3753 0,0517 0 1,43.iO-3 787,16 51 

14,872 090 0,04821 0 1,46.10-3 1175,98 50 

16,190 2.2 -3.03 * 10-2 i , i  .IO-4 - 9 , ~ .  10-4 1099,55 21 

vibrations with rotation, are taken into account in first approximation in for
mula (8). This is done by taking into account the dependence of the rotational 
constant on the vibrational quantum number v and the interaction of the elec
tronic motion with the vibrational motion, by means of the dependence of the 
square of the dipole matrix element on the mean internuclear distance. It 
should be noted that the use of the value of the vibrational sum with respect to 
states in formula ( 8 )  in the approximation of a harmonic oscillator, as this is 
done in [ 5 y  61, can lead to an essential error in certain cases in'calculations 
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with  high temperature values .  I n  our rase, equat ion (12) ,  which takes  i n t o  a c - 
count t h e  anharmonicity of v i b r a t i o n s  i n  t h e  molecule, w a s  used t o  determine Q

V'  

+ Formula (8) w a s  used t o  c a l c u l a t e  t h e  absorp t ion  exponents of N 2' 021 NO, 
N2, CN and C2 molecules i n  a c a l c u l a t i o n  per  p a r t i c l e .  The spec t roscopic  con

s t a n t s  requi red  f o r  t h e  c l a c u l a t i o n s  w e r e  taken from [ 3 ,  7, 81 and are shown 
i n  Table 1. The sum with r e s p e c t  t o  e l e c t r o n i c  states w a s  c a l c u l a t e d  wi th  t h e  
use  of t h e  e l e c t r o n i c  level energ ies  l i s t e d  i n  Table 2. 

TABLE 2. ENERGY OF ELECTRONIC STATES AND STATISTICAL WEIGHTS 

ak 


N, 181 Cz ISJ 
0 1 

50205,5 3 0 1 
59583,4 6 610 6 
60500 6 6243,5 3. 
66270,9 3 8268,33 2 
68152,17 1 10000 2 
69285,6 2 14000 1 
72101,67 2 14300 3. 
79000 
89105 

5 
6 

19916,26 6 

Nz+181 CN 181 

0 2 0 2 
9168,4 4 9241,66 4 

25566,O 2 25951,8 2' 
64619,5 2 

NO 13,7,  81 

1 123 2 7917,46 
44199 2 13196,38 
45440 4 34660 
52073 4 35374,96 
53085 2 36695,29 
60364,5 
60629 

4 
2 

49363,42 

0 2 0 

For t h e  upper e l e c t r o n i c  s ta te  of t h e  f i r s t  nega t ive  system of t h e  N+ mole
2.

cu le ,  t h e  experimental  d a t a  from [ 9 ]  w e r e  used as G 
V 

and Bvy s i n c e  i t  w a s  found 

t h a t  v i b r a t i o n a l  terms and r o t a t i o n a l  cons tan ts  cannot express  funct ions of v 
of t h e  type (10) and (11) accura te ly  enough (Table 3 ) .  The lower e l e c t r o n i c  
state,  B and y, 0.f t h e  NO system has a s i g n i f i c a n t  amount of s p i n  s p l i t t i n g ,  due 

46 



t o  which t h e  v i b r a t i o n a l  bands are broken down i n t o  two systems of sub-bands. 
The absorpt ion c ross  s e c t i o n s  w e r e  ca lcu la ted  f o r  each sub-band separa te ly .  

TABLE 3. VALUES OF Gv AND Bv FOR THE TJP-

PER B 2 C i  STATE OF THE N l  (1-) SYSTEM [9] 

.
t c,. c.u-' E,, c.u-' G,. c.II-' If,. c.u-' 

o 	 0 2,073 23275.1 1,595 
1 3371.5 2.049 24551,4 1.545 
2 4690.3 2,075 25747.7 1,494 
3 6950.7 2.11u1 26Si4.3 1,452 
4 9147.1 1,965 27941,4 1.40'1 
3 1 1269.9 1.92t; 2895ti.9 I .36i 
6 13310.9 1.696 29922.9 1.33-
I 15262.0 1 ,652 30544.9 1,293 
s lilOO.2 1,810 3172R,!J 1,2.x 
9 1 SS27.1 1 ,763 32571,!l 1.2211 

10 20423.8 1,710 333s I .I, ! 1,lSS 
I x,!)1 1  71903.7 1.653 3% 

%e ave.raging i n t e r v a l  of Ah f o r  t h e  s p e c t r a l  region h < 0.595 pm amounted 
t o  50 A, and Ah = 100 f o r  longer  wavelengths. The f a c t o r s  qv'v w e r e  calcu

l a t e d  i n  a wide range of v a r i a t i o n  of t h e  v i b r a t i o n a l  quantum number v f o r  t h e  

systems N2 (l+)y N2 (2+) ,  N2
+ (1-), N2+ (M) and N2 ( L )  i n  re ference  [ l o ] ,  f o r  

t h e  NO (8) and NO (y) systems i n  [ l l ] ,  f o r  t h e  O2 (S-R) system i n  1121, and f o r  

the  C2 ( S W )  system i n  [13]. The values  of qv'v" i n  these  re ferences  w e r e  calcu

l a t e d  f o r  t h e  Morse p o t e n t i a l  energy. The d a t a  from [14]w e r e  used f o r  t h e  CN 
( R )  system and t h e  d a t a  from [15] w e r e  used f o r  t h e  v i o l e t  CN system. 

+
The mat r ix  elements of t h e  e l e c t r o n i c  systems NO (y), NO ( B ) ,  N2 (l-)y N2 

(l+)y N2 (2+ ) ,  and O2 (S-R) are reviewed i n  [16, 171. An e s s e n t i a l  shortcoming 

of [16] i s  i t s  l a c k  of r e s u l t s  of t h e  i n v e s t i g a t i o n s  of Sovie't s c i e n t i s t s  [18
231. A grea t  d e a l  of t h e  d a t a  given i n  [17] is obsolete .  Some b r i e f  no tes  on 
t h e  mat r ix  elements of t h e  e l e c t r o n i c  band systems of N 2 y  0 2 ,  9, CN, C2 and NO 
molecules w i l l  be  given below. 

o2 (s-R) (c~z; - ~ ~ c - 1  
9 

System 
0 

TheSchumann-Rungeband system lies mainly i n  t h e  1,767-4,800 A s p e c t r a l  
region and t h e  continuous photodissoc ia t ion  spectrum a t  room temperature is 
wi th in  1,250-1,750 1. The d a t a  provided by Bethke [241 and Generalov [ZO] can /46 
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be u t i l i z e d  t o  determine R i n  t h e  1,767-2,245 1 s p e c t r a l  region.e 
The i n t e g r a l  absorp t ion  exponents of bands belonging t o  t h e  sequence 0" = 

0 wefe used f o r  t h e  c a l c u l a t i o n s  of Re with t h e  a i d  of r e f i n e d  values  of qv'v" 
f o r  t h e  Klein-Dunham p o t e n t i a l  curve 1251. The bands which l i e  near  2,245 
correspond t o  t r a n s i t i o n s  between v i b r a t i o n a l  levels V '  = 0 and V" = 4.5. 
Generalov [20] found Re2 

= 0.5-0.75 a.u. f o r  them. Since t h e  va lues  of qvIVl1  

from [12] f o r  t h e s e  combinations of V are s u f f i c i e n t l y  accura te  [26],  t h e  cor

responding va lues  of R2 are evident ly  r e l i a b l e .  Extensive measurements of t h e  e 
dependence of R2 f o r  bands l y i n g  i n  t h e  2,650-3,900 range and an a n a l y s i s  of e 
o t h e r  i n v e s t i g a t i o n s  are presented i n  [18]. The recommended dependence i n  t h e  
i n d i c a t e d  s p e c t r a l  region i s  i l l u s t r a t e d  i n  Figure 1. In t h e  s p e c t r a l  region 

> 3,900 A ,  Keck et aZ.[6, 271 measured t h e  
i n t e n s i t y  of oxygen ernission a t  !7'-4,00O0K. 
These d a t a  w e r e  used f o r  t h e  c a l c u l a t i o n s  of 
Re by m e a n s  of formula (8). The r e s u l t s  are 

shown i n  Figure 1. 

System of NO ( B2T[-X 2n)  
The major p o r t i o n  of t h e  bands of t h e  f3 

system of t h e  NO molecule l i es  i n  t h e  spec
t ra l  region from 1,900 t o  5,000 1. Measure
ments of t h e  i n t e g r a l  absorp t ion  exponents 
of t h e  progression bands 2)" = 0 w e r e  perform
ed by Bethke a t  room temperature [28]. By 
using t h e s e  d a t a  and t h e  more accura te  cal
c u l a t i o n s  of q, f o r  t h e  Rydberg-Klein-

R e e s  p o t e n t i a l  curve [ 1 6 ] ,  we ob ta in  t h e  
2values  of Re ,  which are presented i n  Figure 

0 

2 i n  t h e  s p e c t r a l  region near  A = 1,900 A. 
I n  t h e  s p e c t r a l  region of X > 2,480 
1 w e  can use t h e  measurements per
formed by Sobolev, AntroPov e t  azo 
[ i g ] ,  Daiber and Williams [29] ,  Keck 
e t  aZ. [6] ,  and a l s o  t h e  relative 
measurements made by Robinson and 
Nichol ls  [30] f o r  e s t a b l i s h i n g  t h e  
dependence of Re on A. A l l  of t h e s e  

measurements provide agreeing values-
Lof Re,  which are presented i n  Figure 

2.  

2Figure 1. Re Systems of 02 
(S-R) .  (1) according t o  [181; 
( 2 )  [481; (3) 1201; ( 4 )  [271;
(5) [61; ( 6 )  1241; (7) [471; 
(8) [46];  (9) recommended curve. 

Figure 2. RLf3 Systems of NO. (1) ace 
cording t o  [28]; (2) 1191; (3) E291; 
(4) [ 6 ] ;  (5) [30]; (6) recommended curve. 
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y System of NO (A2 +-X2IT) /47 
The bands of t h e  y system of t h e  NO molecule l i e  mainly i n  t h e  1,700-3,170

0

A s p e c t r a l  region. 

Measurements of t h e  i n t e g r a l  absorpt ion exponents of t h e  progression bands 
ZI" = 0 were performed by Bethke and Penner a t  room temperature [28, 311. Mea

surements f o r  heated NO were performed f o r  t h e  pro
gress ion  v' = 0 and 21'' = 0,  1, 2,  3, 4 by Antropov, 
Sobolev, e t  aZ. [19] ,  and a l s o  by Daiber and 
W i l l i a m s  [29]. These measurements g ive  agreeing 
r e s u l t s  and are i l l u s t r a t e d  i n  Figure 3 .  The rela
t i v e  dependence of Robinson and Nichol ls  [30] , 
which is i l l u s t r a t e d  i n  t h e  s a m e  f i g u r e ,  does n o t  
agree with t h e  experimental  d a t a  i n  [19, 291 and 
is  obviously u n r e l i a b l e .  

+A ,  vm F i r s t  Negative System N2(1-) ( B2 +-x2 + )  
Figure 3. R y Systems of u g 

e 
NO. (1) according t o  [28] ;  The main p o r t i o n  of t h e  bands of t h e  f i r s t  

+ 
( 2 )  [191; (3) 1291;  ( 4 )  negat ive  system

0 
of N l i e s  i n  t h e  s p e c t r a l  region

2[31];  (5) [301; ( 6 )  recom- of 3,000-5,000 A. The r e l a t i v e  dependence of Rmended curve.  e 

R: ,  a.u. w a s  i n v e s t i g a t e d  i n  [32].  The value of Re 
2 w a s  de

"[ 	 termined f o r  t h e  (0 ,O)  band from [32] ,  i n  which 
t h e  emission i n t e n s i t i e s  of n i t r o g e n  behind an in

0,7[I c ident  shock wave w e r e  measured. Formula (8) w a s  

0.511 
used i n  t h i s  case.  The o s c i l l a t o r  s t r e n g t h  cor

responding t o  t h e  found value of R2 is  equal  t o  e 
0,3I 3 . 6  - lo-', which agrees w e l l  wi th  t h e  o s c i l l a t o r  

0.5 
A ,  Pm 

s t r e n g t h  found by means of t h e  value of t h e  l i f e -
+ 

Figure 4 .  Re 
2 Systems of t i m e  of t h e  B 21 state  of a N 2 molecule ( f e = 0 . 0 3 4 8  

+ [34] ) .  I f  w e  use t h e  values  of t h e  square of t h eN2 (1-). Re = 11.1 matr ix  element determined above, t h e  r e s u l t s  of 
(1+ 0.679r - 1.6Z.r); 0.974 c a l c u l a t i o n s  of t h e  absorpt ion i n d i c e s  according 
< r < 1.265 2. Poin t  1 t o  formula (8) a l s o  agree with t h e  d a t a  i n  [23] 
according t o  [331. on measurements of t h e  emission i n t e n s i t y  of n i t 

rogen behind a r e f l e c t e d  shock wave when T = 6,000"K 
n 

and p = 5 a t m .  The dependence of R: on wavelength from [32] ,  which w a s  normal

i z e d  by means of R2 f o r  t h e  (0 ,O)  band, i s  shown i n  Figure 4. e 

2 +Viole t  System CN(V) ( B  c -x21) 

The bands of t h e  v i o l e t  system of the  CN molecule l i e  in t h e  s p e c t r a l  range 

of 3,000-4,600 i.An a n a l y s i s  of re ference  d a t a  on t h e  squares of t h e  mat r ix  
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elements i s  given i n  [9, 21, 221. Measurements i n  shock tubes [ 9 ,  21, 221 a l s o  
2 +

of t h e  l i f e t i m e  of t h e  upper state of t h e  v i o l e t  band system of CN B C [35] 
g i v e - c l o s e  va lues  of f f o r  t h e  (0 ,O)  band, i.e., f = 0.027-0.03. I n  accordance 
with [36], Re depends s l i g h t l y  on t h e  i n t e r n u c l e a r  d i s t a n c e  and i s  p r a c t i c a l l y  

cons tan t .  W e  adopted R2 = 0.37 a.u. i n  our c a l c u l a t i o n s .  e 

2 2 +  / 4 8Red System CN(R) (A II-X C ) -
The bands of t h e  red  system of t h e  CN molecule l i e  i n  t h e  s p e c t r a l  region 

of 5,500-20,000 i. The r e l a t i v e  dependence of R i n  t h e  s p e c t r a l  reg ion  of e
0 

5,500-16,000 A w a s  i n v e s t i g a t e d  i n  [37] .  It turned out  t h a t  Re f o r  t h e  CN(R) 

system, as a l s o  i n  t h e  case of CN(V), i s  p r a c t i c a l l y  a cons tan t .  On t h e  o t h e r  
2 2 2

hand, Re(V)/Re(R) = 1 . 9  w a s  determined i n  [ 9 ,  211, which g ives  Re = 0.20 a.u. 

f o r  t h e  red  system. This va lue  w a s  used i n  our c a l c u l a t i o n s .  

Second P o s i t i v e  System N2(2+) (C3II -B 3II ) 
u g 

The main p o r t i o n  of t h e  bandsoof t h e  second p o s i t i v e  system i s  loca ted  i n  
t h e  s p e c t r a l  reg ion  A 2,650-5,000 A. The r e l a t i v e  dependence 	on t h e  i n t e r n u c l e a r  

Ld i s t a n c e  w a s  determined i n  [32] .  The r e s u l t s  of determining Re from t h e  da ta  

on- the  emission i n t e n s i t i e s  of a i r ,  which are given i n  [ 6 ] ,  are shown i n  Figure 

5. 	 The l i f e t i m e  T of t h e  C
3II s ta te  w a s  measured i n  [34] .  The va lue  of Re2 

U 
which corresponds t o  t h i s  T f o r  t h e  ( 0 , O )  band 
is  2.5 t i m e s  less than t h a t  shown i n  Figure 5. 
This va lue  i s  u n r e l i a b l e ,  s i n c e  T i s  inf luenced 
by t h e  cascade processes  which took p lace  i n  t h e  

experiments i n  [34] ,  The values  of R2 shown i n  e 
Figure 5 w e r e  used t o  c a l c u l a t e  t h e  absorp t ion  
c ross  s e c t i o n s  i n  t h i s  paper. 

3 3 +
F i r s t  P o s i t i v e  System N 

2 
(1+) (B II

9
-A C U I  

The main por t fon  of t h e  bands of t h e  N,(l+)
L 

Figure 5. Re2 Systems of system l i e s  i n  t h e  s p e c t r a l  reg ion  from 5,500 t o  

N2(2-I-). Re =' 4.13 (1-
20,000 1. The re la t ive dependence of R 

e 
on t h e  

2.32r + 1.102r2);  1.014 i n t e r n u c l e a r  d i s t a n c e  w a s  i n v e s t i g a t e d  by Turner 
< r < 1.351 8. and Nichol ls  [38].  Allen and h i s  a s s o c i a t e s  per

formed absolu te  measurements of t h e  emission in
t e n s i t y  behind an  i n c i d e n t  shock wave [33].  Wurster conducted analogous experi
ments behind a r e f l e c t e d  wave [391. Emission i n t e n s i t y  of t h e  air  w a s  measured by 
Keck e t  aZ. [6] .  These d a t a  w e r e  used f o r  normalizing t h e  relative dependence 
of Turner and Nichol ls  with r e s p e c t  t o  formula (8). The r e s u l t s  are shown i n  
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R!, a.u. 

Figure 6. Re2 Systems of N ( 1 + ) .  

(1) according to 161; (2) [331; 
(3) [391; (4) [%I. 

were performed with the use of RL e 

I o '  

a 

Figure 6. It should be noted that the meas
urements of Keck [61 and Allen 1331 give 
agreeing values of R . Several times smaller e 
values of Re' at the same time, are obtained 
from Wurster's measurements [39]. In addi
tion, Wurster found that the matrix element 
in the spectral range of 0.74-1.2 um does not 
depend on the wavelength, which contradicts 
the data in [6, 381. It is possible that 
such a divergence was caused by the uncon
trolled effect of the emission of the bands' /59
of the red system of the CN molecule con
tained in the investigated gas as an admix
ture [16]. In view of the noncorrespondence 
of the data in [6, 381 to the results given 
in [39], the question concerning a single-
valued determination of Re remains open. 
Calculations of absorption cross sections 

= 0.0046. 

b 

I:-- \ . \  
I1 \ I \  \ ,'I------ I I\ \ 

Figure 7a and b. u Systems of 0 2 ( S - R ) .  (1) T = 2,000"K; 

(2) 3,000; (3) 4,000; (4) 5,000; (5) 6,000; (6) 7,000; (7) 
8,000; (8) 9,000; (9) 10,000; (10) 11,000; (11) 12,000. 
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0,30 0.35 0.40 0,SO A ,  

+
Figure 8a ,  b y  c y  d and e .  u Systems of N2(1-). (1) T = 4,000"K; (2) 

6,000; (3) 8,000; ( 4 )  10,000; (5) 12,000;  (6) 14,000;  (7)  16,000; ( 8 )  
18,000; (9)  20,000.  
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a 
b.. CM' 

Figure 9.  a@ Systems of NO. (1) to-+ 

T = 2,000°K; (2) 4,000;  ( 3 )  6,000;  
( 4 )  8,000;  ( 5 )  10,000; (6) 12,000.  

4
/ 

l d l  I I" I "  

I I I I I I I 
0,18 0,ZO 0.22 424 0,26 A ,  pm 

b 


Figure 10a and b. ay Systems of NO. 
(1) T = 2,000°K; (2) 4,000; ( 3 )  6,000;  
( 4 )  8,000;  (5) 10,000; (6) 12,000. 

5 3  




10%. .CM 
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\ 

Figure lla, b and c. 0 Systems of 
N2(21-). (1) T = 6,000°K; (2) 7,000; 
(3) 8,000; ( 4 )  9,000; (5) 10,000; (6) 
11,000; (7) 12,000; (8) 13,000; (9) 

14,000; (10) 15,000; (11) 16,000; (12) 

17,000; (13) 18,000; (14) 19,000; (15) 

20,000. 

I 1 I I 1 . J 

0.30 b 0.40 A, vm 
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Figure 12a and b. u Systems of C 2 ( s W ) .  (1) y = 2,000°K; 

(2) 3,000; (3) 4,000; (4) 6:OOO; (5) 9,000;  ( 6 )  12,000. 

IO 
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1 -, , 

+
Figure 13. u Systems of N2(M). (1) 
2' = 6,000"K; (2) 8,000; (3) 10,000; 
( 4 )  12,000; (5) 14,000; ( 6 )  18,000; 
(7) 20,000. 
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b C 


-H+i----.t----b . I 

I r q  !I 

Figure 14a, b and c.  u Systems of N2(L). (1) T = 6,000"K; (2) 7,000; 

(3) 8,000; ( 4 )  9,000; (5) 10,000; ( 6 )  11,000; (7)  12,000; (8) 13,000; 
( 9 )  14,000;  (10) 15,000; (11) 16,000; (12) 17,000; (13) 18,000; (14) 
19,000; (15) 20,000. 
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Figure  15a and b. CI Systems of CN(R) .  (1) T = 2,000°K; 
(2) 4,000;  ( 3 )  6,000; ( 4 )  8,000; (5) 10,000; (6)  12,000.  
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0,35 0,40 0.45 ~ , p m  


Figure 16a, b and c. IS Systems of CN(V). (1) IT = 2,000'K; 
( 2 )  4 ,000;  ( 3 )  6 , 0 0 0 ;  ( 4 )  8,000; (5) 10,000. 

Swan System C2(%) (d3II -a 3II )
9 u 

The bands of the.Swansystem of the C 2  molecule lie in the spectral region 

of 4,000-7,000 i.The value of Re' according to relative measurements made in 
[ 4 0 ]  in the spectral region of 4,365-6,191 w, varies insignificantly with the 
internuclear distance, and R may be considered to be practically constant fore 
the main portion of the bands. The results of absolute measurements of R are 
e 
lacking in the literature. Therefore, we shall use the calculated value of the 
oscillator strength from [ 4 1 ]  for our computations, f = 0 , 0 2 4 ,  which corresponds 
to Re2 

= 0.42 a.u. The value of f used is close to that given in [ 4 ]  (f= 0 . 0 2 ) .  

1 +Lyman-Berge-Hopfield System N ( L )  (a  II -x'C )
2 9 9 

Absorption in the bands of the Lyman-Berge-Hopfield system occurs in the 
0 1 

spectral region of 1,200-2,000 A. The lifetime of the upper state a II
9 
was

-3 
measured in [ 4 2 ] ,  and has the value of T = 6.23010 sec. To calculate the 
absorption cross sections, we used the constant value of Re for all bands of the 
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i i im 
1 

Figure 17a, by c and d. (J Systems of 
0.8 1.2 2.3 N2(1+) when Re2 = 4.6010-~a.u. (a) 


T = 4,000'K; (b) 6,000; (c) 8,000;  
(d) 4 = 10,000; 5 = 12,000. 

system, which corresponds to the value of the lifetime from [42]. 


+ 2 +Meinel System N2(M) ( A2II -X C ) 
u 9 

The bands of the Meinel system lie in the spectral region of 6,000-20,000
i.The values of R e can be determined on the basis of estimates of f from [40]. 
The value of Re' which corresponds to the value of f = 0.05, is equal to 0.424 
a.u. Relative measurements of R in the narrow spectral region were performede 
in [43]. In view of the absence of reference data on the dependence of Re on 
X in a broad spectral range, calculations of the absorption cross sections were 
performed for constant R . e 

In processing the data on the radiation of air and nitrogen [6, 331,with 
the aid of which R was determined, ; . e . ,  the dependence for the band systems

+ e 
of N2(1-), N2(1+), and N2(2+), we used the composition of air and nitrogen from 


[44, 451. 
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N2 N2 
The results of calculations of the absorption cross sections at high temper

atures for the band systems of N2(1+), N2(2+), N2 ( L ) ,  +(1-1 9 +(flY c2( S U I  Y 

02(S -R) ,  NO(B), NO(y), CN(R), CN(V) are shown in Figures 7-17. 
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INVESTIGATION OF THE SPECTRAL CHARACTERISTICS OF GASES 

HEATED BY SHOCK WAVES* 


Ye. N. Ambartsumyan, P. V. Ionov and A. A. Kon'kov 

Investigations of the spectral characteristics of gases at high tempera- /62 
tures and pressures are of interest from various points of view. In particular, 
calculation of radiant heat flows assumes the dependence of the medium's absorp
tion coefficient on wavelength, temperature and pressure as known. However, 
even for air, a sufficiently large number of studies are devoted to calculating 
absorption coefficients whose calculation results present significant discrepan
cies. An experimental determination of absorption coefficients is all the more 
necessary for other gas systems. Data on the absorption capacity of gases per
mit us to derermine the squares of the matrix elements of the dipole transition 
moments, or the oscillator strengths of electronic systems of molecGles which 
are fundamental values in the theory of molecular structure. Furthermore, Val
ues of high-temperature gas absorption capacity are necessary for the solution 
of a number of astrophysical problems. 

In connection with what has been stated, the spectral characteristics of 
nitrogen, argon, air, and mixtures of carbon dioxide and nitrogen have been 
studied within the following ranges: temperature -- 5,000-10,000°K; pressure 
5-50 atm; and wavelength 6,000-3,000 i. 

Experimental Apparatus 


A shock tube was used in the experiments which permitted us to record 2.0
10.0 km/sec shock wave velocities. The shock tube operates on the following 
prinziple: two gases are separated by a diaphragm; a pressure drop is created 
at their boundary after the diaphragm is shattered, and a compression wave 
shaped into a shock wave is propagated in the low-pressure gas. A rarefaction 
wave is simultaneously propagated in the high-pressure gas on the other side. 
The shock wave's velocity with an infinitely large pressure drop on the dia
phragm is determined by the relationship 

where M is the Mach number of the shock wave; y is the specific heat ratio; a 
is the speed of sound; p is the molecular weight; and T is the temperature. 

*The authors express their gratitude to I. K. Pechkin for his assistance. 


63 



Subscr ip t  1 i n d i c a t e s  t h a t  t h e  quant i ty  r e f e r s  t o  t h e  gas i n  t h e  low-
pressure  chamber. Subscr ipt  2 i n d i c a t e s  t h a t  t h e  q u a n t i t y  r e f e r s  t o  t h e  gas i n  
t h e  high-pressure chamber. 

It follows from r e l a t i o n s h i p  (1) t h a t  i t  is  necessary t o  have a gas with 
t h e  lowest p o s s i b l e  molecular weight a t  t h e  h ighes t  p o s s i b l e  temperature f o r  /63
t h e  product ion of high-veloci ty  shock waves i n  t h e  high-pressure chamber. N i 
t rogen is  usua l ly  employed as t h e  propel l ing  gas.  It permits  us t o  a c c e l e r a t e  
t h e  shock wave up t o  3 . 5  km/sec i n  a i r  and gases  s i m i l a r  i n  molecular weight. 
A detonat ing mixture  i s  very e f f e c t i v e  from t h e  poin t  of v i e w  of increas ing  t h e  
shock wave's v e l o c i t y  s i n c e  i t s  combustion products have a r e l a t i v e l y  low molec
u l a r  weight. Also, a very not iceable  i n c r e a s e  i n  t h e  shock wave's Mach number 
r e s u l t s  by v i r t u e  of t h e  g r e a t  temperature i n c r e a s e  of t h e  propel l ing  gas.  

Using a gas mixture  of helium 
( 4 0 % )  and a detonat ing mixture (-20%) 
i n  t h e  high-pressure chamber i s  even 
more e f f e c t i v e .  This mixture 's  low mo
l e c u l a r  weight d i s t i n g u i s h e s  i t  favor
ably from t h e  detonat ing mixture;  and 
i t  permits  us  t o  accelerate t h e  shock 
wave up t o  11 km/sec i n  air  and gases 
s i m i l a r  i n  molecular weight. A precise 
expression of t h e  elementary theory and 
o p e r a t i o n a l  p r i n c i p l e s  of t h e  shock tube 
can be found i n  [l]. 

- T I 

The shock tube has  high- and low-

Figure 1. Overall Layout of t h e  Ex- pressure  chambers which are separa ted  

per imental  Apparatus. (A) s h u t t e r  by e i t h e r  a copper o r  s t a i n l e s s  s teel  


power; (B) DKSSh-1000 power; (C) 
diaphragm ('Figure 1). 


i o n i z a t i o n  t ransducers ;  (D) synchro- The high-pressure chamber i s  a
n i z a t i o n  u n i t ;  (E) system f o r  i n i - s tee l  c y l i n d e r  150 c m  i n  length  ( i n t e r  
t i a t i n g  combustion of t h e  mixture n a l  diameter,  3 cm; e x t e r n a l  diameter,i n  t h e  high-pressure chamber. 6 cm). The chamber i s  f i r s t  evacuated 
v i a  a p i p e l i n e  system (RVN-20 pump) t o  

mm Hg pressure.  Then i t  can be f i l l e d  with hydrogen o r  OHHM, < . e . ,  a mix
t u r e  of oxygen (9%) ,  hydrogen (18%) and helium ( 7 3 % ) .  Two e l e c t r o d e s  are b u i l t  
i n t o  t h e  end of t h e  chamber. A discharge which i n i t i a t e s  OHHM combustion takes  
p lace  between t h e  e lec t rodes .  When hydrogen w a s  used, t h e  pressure  i n  t h e  cham
b e r  before  t h e  experiment w a s  100-150 a t m ;  when OHHM w a s  used, t h e  pressure  w a s  
25-35 a t m .  Monitoring w a s  performed with a s tandard manometer. 

The low-pressure chamber c o n s i s t s  of two s teel  c y l i n d e r s  and a s e c t i o n  
equipped wi th  observat ion windows. The o v e r a l l  l ength  of t h e  chamber i s  350 cm.  
Its i n t e r n a l  diameter i s  3 cm,  and i t s  e x t e r n a l  diameter i s  6 cm. The chamber 

i s  p r e l i m i n a r i l y  evacuated (RVN-20 pump) t o  10-2 mm Hg pressure .  Then i t  i s  
f i l l e d  wi th  t h e  d r i v e r  gas:  a mixture of n i t rogen  and carbon dioxide i n  d i f f e r 
e n t  percentage r a t i o s ,  n i t rogen  and a i r .  Pressure  (monitored by a s tandard 
vacuum gage and an o i l  vacuum gage) w a s  5-10 mm Hg. 
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-164The i n t e r n a l  s u r f a c e s  of t h e  high- and low-pressure chambers are chrome-
pla ted .  I n  order  t o  reduce t h e  admixture e f f e c t ,  t h e  inner  chamber of t h e  ap
para tus  i s  thoroughly rubbed wi th  f l a n n e l  which has been soaked i n  an a l c o h o l  
d i s t i l l a t e  before  t h e  experiment. Af te r  t h e  experiment, t h e  observat ion win
dows are t r e a t e d  with ac id .  

I o n i z a t i o n  t ransducers  measure t h e  v e l o c i t y  of t h e  inc ident  shock wave. 
Signals  are recorded on an 10-4 osc i l lograph .  Measurement accuracy of t h e  in
c ident  shock wave’s v e l o c i t y  i s  ?3%. 

The temperature of t h e  gas behind t h e  r e f l e c t e d  shock wave is  ca lcu la ted  
according t o  t h e  v e l o c i t y  of t h e  inc ident  shock wave, assuming thermodynamic 
equi l ibr ium and f u l f i l l m e n t  of t h e  l a w s  of conservation. The v a l i d i t y  of t h i s  
c a l c u l a t i o n  is corroborated i n  [2 ,  31 and by experimental  d a t a  i n  [ 4 ] .  

T i m e  	I n t e g r a l  Emission S p e c t r a  of Gases 
Heated Stronq Shock Waves 

A study of t i m e  i n t e g r a l  emission s p e c t r a  of gases is of i n t e r e s t  from two 
p o i n t s  of view, i.e., a s  an explanat ion of t h e  b a s i c  emi t t ing  components and as 
a prel iminary explanat ion of t h e  emission i n t e n s i t y  i n  t h e  spectrum. Emission 
s p e c t r a  w e r e  s tud ied  i n  t h e  v i s i b l e  and u l t r a v i o l e t  regions.  An ISP-28 quar tz  
spectograph w a s  placed aga ins t  t h e  end observat ion window (Figure l), s o  t h a t  
t h e  luminescence from t h e  i n c i d e n t  and r e f l e c t e d  shock waves was f ixed  on a 
f i l m  without t i m e  reso lu t ion .  A s  subsequent experiments i n d i c a t e d ,  t h e  emission 
i n t e n s i t y  from t h e  gas behind t h e  i n c i d e n t  wave i s  a t  l e a s t  one order  lower i n  
comparison t o  t h e  emission i n t e n s i t y  of t h e  gas heated by t h e  r e f l e c t e d  wave. 
Therefore,  i t  i s  impossible t o  t a k e  i t s  e f f e c t  i n t o  account. An ISP-51 g l a s s  
spectrograph w a s  placed a g a i n s t  t h e  s i d e  observat ion window (Figure 1). Then, 
depending on i t s  p o s i t i o n ,  i t  e i t h e r  recorded t h e  luminescence spectrum of t h e  
gas behind t h e  r e f l e c t e d  shock wave o r  t h e  luminescence spectrum of gas behind 
t h e  i n c i d e n t  wave. Furthermore, experiments were c a r r i e d  out  where t h e  ISP-28 
spectrograph was placed aga ins t  t h e  s i d e  observat ion window. The s p e c t r a  w e r e  
recorded on D o r  Panchromatic-X f i lm.  Representat ive spectrograms a r e  i l l u s 
trated i n  Figures  2-6. 

The following s i m i l a r i t i e s  e x i s t  i n  n i t rogen ,  oxygen, carbon dioxide and 
a i r  spectra: 

1) t h e  presence of continuous emission i s  c h a r a c t e r i s t i c  i n  t h e  s p e c t r a ;  

2) l i n e s  of an  admixture of sodium, calcium, i r o n ,  copper, chromium, and 
bands of calcium oxide are c l e a r l y  pro jec ted .  

With t h e  temperature and pressure  i n c r e a s e  behind t h e  r e f l e c t e d  shock wave 
( a t  v e l o c i t i e s  of t h e  t r a v e l l i n g  wave 5-6 km/sec and h i g h e r ) ,  continuous e m i s 
s i o n  begins t o  p lay  a deciding r o l e ,  and reversed l i n e s  of sodium, calcium, and 
copper ( see  Figure 3)  appear on i t s  background. The appearance of reversed l i n e s  
of t h e  admixture a t tes t  t o  t h e  presence of l a r g e  temperature g r a d i e n t s  i n  t h e  
heated gas. 
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Figure 2. Integral Emission Spectrum of Air. 


Figure 3. Integral Emission Spectrum of Nitrogen. 
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Figure 4 .  Integral Emission Spectrum of Gas Mixture: 75% C02 f 25% N2. 
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Figure 5. Integral Emission Spectrum of Gas Mixture: 30%C02 + 70% N2. 
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Figure 6. I n t e g r a l  Emission Spectrum 
of G a s  Mixture: 50% CO + 50% 02. 

I n  t h e  air  spectrum, w e  f i n d  t h e  following bands which belong t o  t h e  CN vi
o l e t  system: 4216, 4497.2, 4181.0, 4167.8, 3883.4, 3871.4, 3861.4 and 3854.7 1. 
The authors  of [5] e s t a b l i s h e d  a s i m i l a r  f a c t  during i n v e s t i g a t i o n  of emission 
s p e c t r a  of a i r  heated by shock waves. 

The emission s p e c t r a  of CO2 and N2 mixtures are i l l u s t r a t e d  i n  Figures 4-5. 

It fol lows from t h e  i l l u s t r a t e d  spectrograms t h a t  continuous emission and N a ,  
C a y  Fe, etc. admixture l i n e s  are present  i n  s p e c t r a  of t h e  mixtures i n d i c a t e d ,  
j u s t  as i n  t h e  cases descr ibed above. 

The appearance of a CN v i o l e t  system i n  t h e  spectrum i s  c h a r a c t e r i s t i c  f o r  
mixtures of carbon dioxide and ni t rogen.  The CN v i o l e t  system i n  t h e  mixtures 
ind ica ted  above i s  more i n t e n s i v e  i n  comparison with t h e  CN bands which are 
present  i n  t h e  emission spectrum of a i r .  Thus, f o r  example, t h e  4578 A band i n / 6 5  

C N  C N  CN
I I I 

t h e  emission spectrum of a i r  is 
bare ly  v i s i b l e  and can only be iden
t i f i e d  hypothe t ica l ly ,  whereas i n  
t h e  mixture s p e c t r a ,  i t  is c l e a r l y  
v i s i b l e  i n  i t s  e n t i r e t y .  

I n  t h e  emission spectrum of 
t h e  mixture 50% CO + 50% O2 behind 

t h e  f r o n t  of t h e  detonat ion wave 
(see Figure 6 ) ,  t h e  v e l o c i t y  of t h e  
inc ident  wave i s  v = 7 km/sec; and 
i n  t h e  wavelength region of 4200

.--.I 1 1 

yo00 4500 sooaA,j 3000 A ,  nearly-100 bands of t h e  Fox-
Daffendack-Barker C02 molecular sys

t e m  are found, and about 10 bandsFigure 7. Dependence of EA of Gas-Mix- are i d e n t i f i e d  with emission bands 
t u r e  75% C02 + 25% N2 on A .  T = 9,200'K; of t h e  OH r a d i c a l .  I n  addi t ion ,  w e  

f i n d  continuous emission and l i n e s  p = 40 a t m ;  = 3 cm. of t h e  admixtures of i r o n ,  sodium, 
calcium and copper, and calcium ox

i d e  bands both i n  t h i s  mixture  spectrum, as i n  t h e  s p e c t r a  descr ibed above. 

I n t e r p r e t a t i o n  and i d e n t i f i c a t i o n  of s p e c t r a  recorded by t h e  ISP-51 g l a s s  
spectrograph indica ted  t h a t  t h e r e  i s  no p r i n c i p a l  d i s t i n c t i o n  between t h e  latter& 
and those examined above. I ron ,  calcium, sodium, e t c . . l i n e s  w e r e  found i n  t h e  
v i s i b l e  reg ion  of t h e  s p e c t r a  of a l l  of t h e  gases mentioned above. Using a 
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s e c t i o n  wi th  Duralumin observa-
C N  C N  C N  C N  t i o n  panes l e d  t o  t h e  appearanceI 1 I I 

i iz1 

of a h ighly  i n t e n s i v e  aluminum 
oxide band system. A f t e r  replac
ing t h e  above s e c t i o n  wi th  a 
s teel  one, aluminum oxide bands 
w e r e  n o t  r e g i s t e r e d .  

A f t e r  i d e n t i f i c a t i o n  of t h e  
bands and l i n e s  de tec ted  i n  t h e  
s p e c t r a  of t h e  i n d i c a t e d  gases ,  
i t  w a s  of i n t e r e s t  t o  compare 
t h e i r  i n t e n s i t i e s .  This enabled 

I I 

Y - us t o  expla in  t h e  r o l e  of sepa
~.

3500 4 OD0 - Ysobn,i rate band systems, and t h e  r o l e  
of t h e  var ious  gas components. 

Figure 8. Dependence of Absorption Capaci- With this in mind, the Vectro
t y  of G a s  Mixture 30% C02 + 70% N2 on Wave- grams described above were pro

cessed by heterochromatic  photom
length.  T = 9,200"K; p = 40 a t m ;  = 3 cm. e t r y  methods. Microphotogr-s 

of t h e  spectrograms which a r e  il
l u s t r a t e d  above w e r e  recorded on an MF-4 microphotometer. A c o r r e c t i o n  f o r  
f i l m  s e n s i t i v i t y  w a s  introduced i n t o  t h e  d i s t r i b u t i o n  S obtained a f t e r  photom
e t r y  from wavelength A .  Inasmuch as t h e  i n t e n s i t y  i n  t h e  continuous spectrum 
depends on spectrograph d ispers ion ,  a c o r r e c t i o n  f o r  spectrograph d i s p e r s i o n  
w a s  introduced i n t o  t h e  i n t e n s i t y  d i s t r i b u t i o n  i n  t h e  continuous spectrum. 
The l i n e s  of t h e  Fey N a y  Cay etc. admixtures w e r e  excluded from examination. 

Spectrograms processed i n  
t h i s  way permit ted us t o  obta in  
t h e  dependence of emission in ten
s i t y  on wavelength i n  r e l a t i v e  
u n i t s .  

I n  order  t o  normalize t h e  

-0.1 i n t e n s i t y  on wavelength, w e  used 

I3 YO0 
I

3600 
I

3600 
I

4 0 0 0  
d a t a  from t h e  p h o t o e l e c t r i c  cham-
b e r  of t h e  apparatus  ( see  Figure 

' 1) through which a b s o l u t e  m e a -

recorded dependence of emission 

surements of t h e  emiss iv i ty  ofFigure 9. Dependence of EA of Nitrogen on the (0-0). band of t h e  CN v i o l e t. 

A.  T = 12,000"K; p = 50 a t m ;  = 3 cm. system w e r e  c a r r i e d  out  [ 4 ] .  In
s o f a r  as t h e  p r o p o r t i o n a l i t y  

f a c t o r  between i n t e n s i t y  i n  t h e  gas spectrum and t h e  l a t te r ' s  values  recorded 
a f t e r  processing t h e  spectrogram does not  depend on wavelength, a comparison of 
photographic and p h o t o e l e c t r i c  d a t a  f o r  only one wavelength i s  s u f f i c i e n t  f o r  
determinat ion of t h e  i n d i c a t e d  normalizing f a c t o r .  Having determined t h e  nor
malizing f a c t o r ,  i t  is  p o s s i b l e  t o  c a l c u l a t e  t h e  i n t e n s i t y  d i s t r i b u t i o n  i n  t h e  
emission spectrum of t h e  gas i n  absolu te  u n i t s .  Then t h e  absorp t ion  capac i ty  
of t h e  gas can be c a l c u l a t e d  using Kirchhoff ' s law (gas temperature w a s  calcu
l a t e d  according t o  t h e  i n c i d e n t  wave's v e l o c i t y  assuming t h e  f u l f i l l m e n t  of t h e  
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conserva t ion  l a w s  on t h e  f r o n t  of t h e  shock wave). 

Figures 7-9 i l l u s t r a t e  t h e  dependence of t h e  absorp t ion  capac i ty  EA on 

wavelength f o r  mixtures of 75% CO2 + 25% N2,  30% CO 2 + 70% N2 and n i t rogen ,  re

spect ' ively.  The following q u a n t i t y  i s  denoted by E ~ ,which i s  p l o t t e d  along t h e m  
o rd ina te  axis: 

-ee-E~=(Ia
1

C h . 1  ), 

h e r e  0x is  t h e  absorp t ion  c ros s  s e c t i o n ;  e i s  t h e  molecular concen t r a t ion  of 

t h e  substance r e spons ib l e  f o r  t h e  emissive absorp t ion  of t h e  given wavelength; 
N is  t h e  t o t a l  number of p a r t i c l e s  pe r  u n i t  volume; Z i s  t h e  l eng th  of t h e  pa th  
on which absorp t ion  proceeds,  being equal  t o  3 cm. 

An a n a l y s i s  of t h e  d a t a  i l l u s t r a t e d  i n  Figures 7-8 permi t ted  us t o  conclude 
t h a t  t h e  CN v i o l e t  system p lays  a v i t a l  r o l e  i n  t h e  emission of carbon d ioxide  
and n i t rogen  mixtures.  I n  connection wi th  t h i s ,  w e  acquired extremely p r e c i s e  
knowledge of t h e  o s c i l l a t o r  s t r e n g t h  of t h e  CN v i o l e t  system. 

I n v e s t i g a t i o n  of t h e  D i s t r i b u t i o n  of Emission 
Absorption Capacities i n  t h e  V i s i b l e  and 

U l t r a v i o l e t  Regions of t h e  Spectrum. 

A pre l iminary  i n v e s t i g a t i o n  of t h e  i n t e g r a l  s p e c t r a  of t h e  gases ind ica t ed  
above permi t ted  us t o  exp la in  t h e  r o l e  of i nd iv idua l  components and t o  o b t a i n  
d a t a  on t h e  absorp t ion  c o e f f i c i e n t s  and t h e  dependence of emission on t i m e .  I n  
order  t o  understand absorp t ion  c o e f f i c i e n t s  p r e c i s e l y ,  i t  is necessary t o  exam
i n e  time-evolved s p e c t r a  i n s t e a d  of t ime- in tegra l  s p e c t r a  s i n c e  emission of t h e  
gas cooled a f t e r  con tac t  between t h e  r e f l e c t e d  shock wave and t h e  con tac t  re
g ion  can make a s u b s t a n t i a l  c o n t r i b u t i o n  t o  i n t e n s i t y  d i s t r i b u t i o n .  

Drum cameras are usua l ly  used t o  record time-evolved s p e c t r a .  They possess  
t h e  shortcoming of having t o  modify t h e  spectrograph p l a t eho lde r .  The l a t t e r ,  as 
a r u l e ,  impairs t h e  spec t rograph ' s  q u a l i t y  and i s  not  always convenient.  The 
following method i s  proposed he re  f o r  recording s p e c t r a l  scannings: a t  a cer
t a i n  angle  t o  t h e  spectrograph s l i t  w e  p l ace  a second s l i t  having a width of a 
few t en ths  of a mm. It w i l l  move r e l a t i v e  t o  t h e  spectrograph s l i t  a t  a speed V .  

The t o t a l  t i m e  requi red  t o  f i x  t h e  s p e c t r a l  scanning i s  determined by t h e  
r e l a t i o n s h i p  

t =  S + 	I ,si11 
D . (3)  

T i m e  r e s o l u t i o n  i s  

-_  
J; + I ,  sil l  a 

t .  
( 4 )  

The he igh t  of t h e  l i n e  on t h e  spectrogram is  
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h = k,E c o t  a, (5) 

" 
N

here  S = So + Soo cos a; 3 = S0 + S00/cos a; So i s  t h e  width of t h e  spectro

graph s l i t ;  Soo i s  t h e  width of t h e  i n c l i n e d  s h u t t e r  s l i t ;  lo is t h e  length  of 
t h e  i n c l i n e d  s h u t t e r  s l i t ;  a is t h e  angle  of i n c l i n a t i o n ;  v is  t h e  speed of 
t h e  i n c l i n e d  sl i t ;  k i s  t h e  magnif icat ion f a c t o r  of t h e  spectrograph. 

The s h u t t e r  i s  designed on t h e  b a s i s  
of what has been s t a t e d .  The schematic 
diagram of t h e  s h u t t e r  i s  i l l u s t r a t e d  i n  
Figure 10. Here, 2 i s  t h e  platform on 
which t h e  p a r t s  of t h e  s h u t t e r  are fas 
tened; 6 i s  t h e  s l i d e r ,  i n  t h e  guides of 
which t h e  i n c l i n e d  s l i t  5 i s  fas tened;  
2 i s  a s c r e w  by which t h e  s l i t  is set i n  
s t a r t i n g  p o s i t i o n ;  3 i s  t h e  i n e r t i a l  in
sert which prevents  secondary opening of 

Figure 10. Design Diagram of t h e  spectrograph s l i t ;  7 i s  a Nichrome 
Mechanical Por t ion  of S h u t t e r .  w i r e  which a c t u a t e s  t h e  s h u t t e r  s l i t .  

The s h u t t e r  opera tes  on t h e  following p r i n c i p l e :  a c u r r e n t  pu lse  a r r i v i n g  168 
from t h e  power supply h e a t s  t h e  w i r e ,  which then expands. The f r e e  end of t h e  -
w i r e  begins  t o  move and ac tua tes '  t h e  s h u t t e r .  A t  each given moment, t h e  spectrum 
(height  h )  is  f i x e d  on t h e  spectrogram. Then, a s  t h e  s l i t  moves, t h e  spectrum's 
p o s i t i o n  a l s o  moves. I f  t h e  emission i n t e n s i t y  changes i n  t i m e ,  t h e  blackening a
long t h e  s p e c t r a l  l i n e  w i l l  a l s o  change correspondingly on t h e  spectrogram. Thus, 
t h e  time-evolved gas emission spectrum can b e  recorded with time r e s o l u t i o n  T. 

The s h u t t e r ,  which i s  cons t ruc ted  on t h e  b a s i s  of t h e  s t a t e d  design dia
gram, permit ted us  t o  expand t h e  spectrum with a t i m e  r e s o l u t i o n  of T = 5 psec. 
The t o t a l  t i m e  of s p e c t r a l  scanning w a s  30 psec and more. 

The e l e c t r i c a l  schematic of t h e  s h u t t e r  i s  i l l u s t r a t e d  i n  Figure 11. The 
c i r c u i t  opera tes  on t h e  following p r i n c i p l e :  an  impulse from t h e  i o n i z a t i o n  

C 

Figure Diagram 
Of 'Ortion Of Shut
ter. (A) to ionization 
t ransducer;  (B) synchroniza
t i o n  block; (C) c a b l e  t o  shut
ter;  (D) charging u n i t .  
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t ransducer  i n i t i a t e d  by t h e  shock wave t r i g g e r s  
t h e  synchronizat ion block,  which then opens t h e  
T G I  40013.5 thyra t ron .  Then t h e  condenser c 
is  discharged through t h e  Nichrome w i r e .  Volt
age i n  t h e  condenser cas ings  w a s  800-1,400 V 
before  t h e  experiment. 

The o v e r a l l  se tup  of t h e  experiment w a s  
exac t ly  as it  w a s  i n  t h e  i n v e s t i g a t i o n  of t i m e -
i n t e g r a l  emission s p e c t r a .  

Figures  12-13 i l l u s t r a t e  time-evolved e m i s 
s i o n  s p e c t r a  of a mixture  of carbon dioxide and 
ni t rogen.  The ISP-28 spectrograph w a s  placed 
s o  t h a t  i t s  o p t i c a l  a x i s  coincided with t h e  
tube ax is .  The beginning of scanning coin
c ides  wi th  t h e  moment of t h e  i n c i d e n t  shock 



30-psec 

,-30 psec 

Figure 12 ( l e f t ) .  Time-Evolved 
25% N2. 

Figure 1 3  ( r i g h t ) .  Time-Evolved 
70% N2. 

wave's r e f l e c t i o n  from t h e  end window. 

The spectrum of t h e  CN r a d i c a l ' s  
v i o l e t  system w a s  seen c l e a r l y  and w a s  
unmistakably i d e n t i f i e d .  Lines of t h e  
sodium, calcium and i r o n  admixtures 
w e r e  seen. While photographing spec
t r a l  scannings i n  a s i t u a t i o n  where t h e  
spectrograph w a s  placed a g a i n s t  t h e  
s i d e  window, a 5 usec i n c r e a s e  of e m i s 
s i o n  r e l a t e d  t o  t h e  admixtures w a s  seen. 

"Secondary" emission, a continuum, 
on whose background reversed N a  and C a  
l i n e s  w e r e  seen,  followed t h e  f i r s t  
emission pulse  of t h e  gas heated by a 
r e f l e c t e d  shock wave. Secondary e m i s 
s i o n  i s  apparent ly  r e l a t e d  t o  t h e  ~ o o l 
ing gas;  i t s  beginning coincides  approx
imately with t h e  moment of contac t  of 
t h e  r e f l e c t e d  shock wave and t h e  con
t a c t  region.  Since the  e n t i r e  a c t i o n  
t i m e  of t h e  s h u t t e r  is  l i m i t e d  t o  30
50 psec,  i t  was impossible t o  t r a c e  t h e  
development of t h e  secondary emission /69
spectrum. However, emission o s c i l l o 
grams recorded by t h e  p h o t o e l e c t r i c  
chamber i n d i c a t e  t h a t  i t  does n o t  re
main not iceable  f o r  more than 100 p s e c  
[ 4 ] .  Secondary emission i n t e n s i t y  is 
most n o t i c e a b l e  i n  t h e  red-yellow re
gion of t h e  spectrum. Thus, i f  i t  is  
p o s s i b l e  t o  d is regard  emission r e l a t e d  
t o  a gas behind t h e  inc ident  wave dur
ing q u a n t i t a t i v e  eva lua t ion  of emissiv
i t y  d i s t r i b u t i o n  i n  t h e  gas spectrum 
by i n t e g r a l  s p e c t r a ,  secondary emission 
can introduce a not iceable  e r r o r .  The 
l a t t e r  i s  r e l a t e d  t o  t h i s :  notwith
s tanding t h e  f a c t  t h a t  secondary inten
s i t y  emission i s  a few t i m e s  weaker 
than primary, i t  acts upon t h e  f i l m  
over a s i g n i f i c a n t l y  long period. The 
error introduced i n t o  t h e  d i s t r i b u t i o n  

Emission Spectra  of a G a s  Mixture of 75% CO 2 + 

Emission Spectra  of a G a s  Mixture of 30% CO2 + 
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Figure 14 .  Time-Evolved Emission Spectrum of Nitrogen. 

of emiss iv i ty  during t h e  processing of i n t e g r a l  s p e c t r a  p lays  t h e  most e s s e n t i a l  
r o l e  i n  t h e  red-yellow region of t h e  spectrum s i n c e  secondary emission i s  most 
i n t e n s i v e  here .  I n  t h e  v i o l e t  and u l t r a v i o l e t  reg ions  of t h e  spectrum, t h e  in
t e n s i t y  of t h e  l a t t e r  i s  c l o s e  t o  t h e  threshold  of f i l m  s e n s i t i v i t y  and makes a 
r e l a t i v e l y  s m a l l  c o n t r i b u t i o n  t o  t h e  i n t e g r a l  spectrum. 

Figure 1 4  i l l u s t r a t e s  a time-evolved emission spectrum of n i t rogen .  G a s  
temperature behind t h e  r e f l e c t e d  shock wave i s  6,000'K and pressure  i s  5 a t m .  
The bands of t h e  e l e c t r o n i c  system of n i t r o g e n  are n o t  i d e n t i f i e d  with c e r t a i n t y ,  
s i n c e  t h e  temperature range up t o  10,000'K i n  t h e  given region of t h e  band spec-

-+trum of t h e  f i r s t  and second p o s i t i v e  N2 systems and t h e  f i r s t  nega t ive  N2 sys
t e m  overlap s i g n i f i c a n t l y  . 

A s  i n  t h e  s p e c t r a  of t h e  carbon dioxide and n i t r o g e n  mixtures ,  an admix
t u r e  of i r o n ,  sodium and calcium i s  present  i n  t h e  n i t r o g e n  spectrum. Secon
dary emission has  t h e  very s a m e  charac te r  as i n  t h e  previous case. 

Lines of t h e  admixtures enumerated above are a l s o  present  i n  t h e  a i r  and 
argon s p e c t r a  (Figures 15-16). Furthermore, i n  t h e  a i r  spectrum, bands of t h e  
CN v i o l e t  system are v i s i b l e .  They are present  i n  t h e  gas  by v i r t u e  of t h e  ad
mixture of carbon dioxide i n  t h e  a i r .  Argon l i n e s  w e r e  no t  discovered; possi
b l y  t h i s  i s  r e l a t e d  t o  t h e  f a c t  t h a t  argon and i r o n  l i n e s  are next t o  each oth
er i n  re la t ive proximity (-1 w) i n  t h e  v i s u a l  and u l t r a v i o l e t  regions of t h e  
spectrum. 

The s p e c t r a l  scannings were processed by t h e  heterochromatic photometry 
method. I n  order  t o  take  t h e  v a r i a t i o n  i n  f i l m  s e n s i t i v i t y  with wavelength in
t o  account,  t h e  spectrum of a s tandard l i g h t  source (SI-8-200 tungsten lamp) 
w a s  photographed next  t o  t h e  gas spectrum. 

The following expression i s  v a l i d  f o r  t h e  d i s t r i b u t i o n  of blackness i n  t h e  
gas spectrum: 

For t h e  s tandard  l i g h t  source: 

Thus, i t  fol lows t h a t  
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30 us=. 30 usec 

Here, E ~ ( X ,  Tl) and E ~ ( A ,  T 2 )  are the de
gree of blackness of the gas and the stan
dard source, respectively; B ( X ,  Tl) and 
B ( X ,  T2 ) are the black body emissivity at 
gas temperature and at the temperature of 
the standard source; y(X> is the film's 
contrast factor; $ ( A )  is film sensitivity; 
p is Schwartzschild's constant; t1 and t2 

are exposure times; and k is the propor
tionality factor. 

If the temperature of the emitting /71 
gas is known, then, from relationship (8) 

1 -. I I 

3500 4000 4.500 50011A 

Figure 17 .  Dependence of E
A 
of a Gas Mix

ture of 75% C02 + 25% N2 on A. T = 8,000"K; 
p = 50 atm; = 1 cm. 

Figure 15 (left). Time-Evolved Emission Spectrum of Air. 


Figure 16 (right). Time-Evolved Emission Spectrum of Argon. 
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w e  can f i n d  t h e  absorp t ion  
capac i ty  of t h e  gas  wi th  an  
accuracy up t o  t h e  cons tan t  
f a c t o r  which must be found. 
The normalizing f a c t o r  k 
w a s  determined by d a t a  re
corded over t h e  photoelec
t r i c  channel.  

Figures  17-19 i l l u s 
t ra te  t h e  absorp t ion  a b i l i t y  
d i s t r i b u t i o n s  i n  t h e  s p e c t r a  
of carbon dioxide and n i t r o 
gen, and n i t r o g e n  mixtures.  
They w e r e  recorded by t h e  
method indica ted  previously.  
Accuracy of t h e  experimental  
r e s u l t s  obtained i s  240%. 

i 	 The absorp t ion  capac i ty  
measurement e r r o r  i s  der iv
ed from t h e  measurement 
e r r o r  of t h e  normalizing 
f a c t o r ,  220-25%, and t h e  

Figure 18. Dependence of EA of a G a s  Mixture e r r o r  during measurement 

_ _of 30% C 0 2  + 70% N2 on A .  8,000"K; p = 30 of i n t e n s i t y  by t h e  hetero
chromatic photometry method

a t m ;  2 = 1 cm.  215%. 

Conclusion 

1. The presence of t h e  follow
i n g  are c h a r a c t e r i s t i c  f o r  t h e  e m i s 
s i o n  s p e c t r a  of t h e  gases  enumerated 

8 - i n  t h i s  r e p o r t :  (a)  continuous e m i s 
s ion ;  (b) l i n e s  of Fey C r y  Cu, C a y  
etc. admixtures;  (c)  bands of t h e  CN 

6 - v i o l e t  system and presumably bands 
of t h e  N i  (1+) , N2 (2+) , and NO (6) 

systems i n  t h e  s p e c t r a  of a i r ,  n i t 
4 - rogen, CO2 and N2 mixtures.  

2. Time-evolved emission spec
t ra  of gases  and gas  mixtures w e r e  

2 - recorded. 

Secondary emission w a s  discovered 
I i n  t h e  t i m e  evolved s p e c t r a .  

Figure 19. Dependence of Ex of Nitrogen 3 .  The s p e c t r a  w e r e  quant i ta 
on A .  T = 6,000"K; p = 5 a t m ;  Z = 1 cm. t i v e l y  processed by heterochromatic 
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photometry methods. A s  a result, we recorded the distribution of spectral ab
sorption capacity in reference to the unit length of the absorbent gas layer in 
dependence on wavelength for nitrogen and nitrogen and carbon dioxide mixtures. 
The CN violet system makes a noticeable contribution to the emission of carbon 
dioxide and nitrogen mixtures. The accuracy of the results was ?40% 
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AN EXPERIMENTAL DETERMINATION OF OSCILLATOR STRENGTH 
OF THE VIOLET SYSTEM OF THE CN RADICAL* 

Y e .  A. Ambartsumyan, P. V. Ionov and A. A .  Kon'kov 

In t roduct ion  

O s c i l l a t o r  s t r e n g t h ,  o r  t h e  square  of t h e  matrix element of t h e  d ipole  mo
ment of an e l e c t r o n i c  t r a n s i t i o n ,  i s  a fundamental q u a n t i t y  i n  t h e  theory of 
molecular s t r u c t u r e .  The c u r r e n t l y  a v a i l a b l e  methods f o r  t h e  t h e o r e t i c a l  calcu
l a t i o n  of o s c i l l a t o r  s t r e n g t h s  provide va lues  which d isagree  e s s e n t i a l l y  with 
those measured experimental ly  (sometimes by one order  of magnitude). It is ex
tremely important t o  determine t h e  va lues  of o s c i l l a t o r  s t r e n g t h s  from t h e  
s tandpoin t  of c a l c u l a t i n g  r a d i a n t  h e a t  f l u x e s  i n  var ious  problems of h e a t  ex
change a t  high temperatures,  and a l s o  f o r  a number of a s t r o p h y s i c a l  problems. 
Reference [ l ]  i n v e s t i g a t e s  t h e  absorp t ion  c o e f f i c i e n t s  of gases i n  a wide range 
of wavelengths and i n d i c a t e s  t h a t  t h e  emission of t h e  v i o l e t  system of CN pro
v ides  an e s s e n t i a l  c o n t r i b u t i o n  t o  r a d i a n t  h e a t  f l u x .  

This ar t ic le  i s  concerned wi th  t h e  measurement of t h e  r a d i a t i o n  and absorp
t i o n  capac i ty  of t h e  (0,O) band of t h e  v i o l e t  system of CN i n  t h e  temperature 
range of 5,000-10,000"K, which has  made i t  p o s s i b l e  t o  determine t h e  s i z e  of 
t h e m a t r i x  element of t h e  d ipole  t r a n s i t i o n  moment of t h e  given system. 

The d a t a  on t h e  o s c i l l a t o r  s t r e n g t h  of t h i s  system w e r e  extremely contra
d i c t o r y  a t  t h e  beginning of t h i s  i n v e s t i g a t i o n .  The f i r s t  d a t a  obtained by 
White [2],who measured absorp t ion  i n  t h e  bands of t h e  v i o l e t  system of CN, ex
c i t e d  by a discharge which w a s  passed through C2N2' provided t h e  va lue  of fe = 

-/72 

0.024;  however, he i n d i c a t e d  i n  h i s  subsequent work [3]  t h a t  t h i s  value should 
b e  considered as t h e  lower l i m i t  of t h e  t r u e  va lue  of o s c i l l a t o r  s t r e n g t h ,  and 
gave t h e  value of f = 0.1. Soshnikov's survey [ 4 ]  gave t h e  va lue  of f = 0.08,e e 
which w a s  obtained on t h e  b a s i s  of White's subsequent work with a c o r r e c t i o n  f o r  
reabsorpt ion.  Reference [5] gives  an eva lua t ion  of o s c i l l a t o r  s t r e n g t h  of t h e  
v i o l e t  system; and t h e  obtained va lue  of 0.013, i n  t h e  opinion of t h e  authors  
of t h a t  paper,  is  understated.  

The value of f = 0.027 is  obtained i n  [6]  on t h e  b a s i s  of t h e  l i f e t i m e  vare 
Ci a t i o n  of t h e  e x c i t e d  B 2 +  state.  The shortcoming of t h i s  work c o n s i s t s  i n  t h e  

f a c t  t h a t  t h e  p o s s i b l e  a d d i t i o n a l  populat ion of t h e  B2C+ level due t o  cascade 
t r a n s i t i o n s  from a lower-lying level i s  n o t  taken i n t o  account. I n  [7],which 
w a s  conducted simultaneously wi th  t h i s  work, t h e  va lue  of fe = 0.03 w a s  obtained. 

I n  connection with t h e  d a t a  presented above, i n v e s t i g a t i o n s  were undertaken 
on t h e  r a d i a t i o n  and absorpt ion capaci ty  of t h e  (0 ,O)  band of t h e  v i o l e t  system 
of CN. 

*The authors  express  t h e i r  g r a t i t u d e  t o  I. K. Pechkin f o r  h i s  a s s i s t a n c e .  
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-- -- Measurement of the Radiation Capacity of the 
___ Band of the Violet System of CN( 0 , O )  

A shock tube was used in the experiments, which made it possible to obtain 
shock wave velocities to 10 km/sec. The design of the shock tube and the general 
arrangement of the experiment are outlined in [l]. The method consisted in the 
following: the gas, which was situated behind a reflected shock wave, was ad
mitted into the input of a UM-2 monochromator and then recorded on an 10-4 os- 173-
cillograph by means of a FEU-29 photoelectronic multiplier. A VS-16 stabilized 
rectifier supplied the power to the photomultiplier. The triggering of the os
cillograph by means of a synchronization block was coordinated appropriately 
with the arrival of the reflected shock wave. 

In order to improve the space resolution of the system, a slit approximate
ly 0.15 cm in width was installed at a distance of 4 cm from the investigated 
gas layer and 0.5 cm from the end of the shock tube. The space resolution of 
the system in this case amounted to approximately 0.25 cm. 

The system was graduated in absolute units by means of a SI-8-200 tungsten 
ribbon tube which was installed at the point of intersection of the axis of the 
shock tube and the optical axis of the system. This tube was used to monitor 
the decrease in the transmission coefficient of the glass and its variation 
from experiment to experiment after the appropriate cleaning. The transmission 
coefficient was monitored also by a DKSSh-1000 xenon tube. A clearly expressed 
dependence of the decrease in the transmission coefficient of the glass on the 
nature of the gas situated behind the front of the shock wave was not detected. 
It basically depends on the parameters of the incident gas flow. The transmis
sion coefficient of the glass decreases during one experiment by approximately 
1.3-1.5 times with a velocity of the incident wave at 3.0-3.5 km/sec, and up to 
2 times at a velocity of the incident wave 5-6 km/sec. 

Figure 1 illustrates the characteristic 
time dependence ,Of the radiation intensity of 
a gas ( A  = 3883 A >  which has been heated by a 
reflected shock wave when hydrogen is in the 
high-pressure chamber. 

Figure 2 illustrates an oscillogram of the 
radiation intensity of the (0 ,O)  band of the 
violet system when an oxygen, hydrogen and hel
ium mixture (OHHM) was employed in the high-
pressure chamber. It can be seen in Figure 2 
that the intensity behind the main pulse of 
radiation decreases to a certain relatively 
small value, which remains approximately con-'174 

ktrans stant for 100-150 usec. 
i $0 $0 YO^ t,psec 

If the gas heated by the shock wave is in 
Figure 1. Dependence of I a state of thermodynamic equilibrium, after 

and k of a Gas Heated by a consulting Kirchhoff's law,

Reflected Shock Wave on t. 
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where I ( A ,  T )  i s  t h e  r a d i a t i o n  capac i ty  of t h e  i n v e s t i g a t e d  gas  l a y e r ;  & ( A ,  T )  
is t h e  absorpt ion capac i ty  .of t h e  i n v e s t i g a t e d  g a s ' l a y e r ;  and B ( A ,  T )  is  Planck's 
func t ion  f o r  t h e  given temperature.  

Since t h e  r a d i a t i o n  capa
c i t y  has  been measured, and t h e  
temperature of t h e  gas behind 
t h e  r e f l e c t e d  shock wave can b e  
c a l c u l a t e d  according t o  t h e  vel
o c i t y  of t h e  shock wave, t h e  ab
s o r p t i o n  c o e f f i c i e n t  of t h e  gas 
l a y e r  a l s o  can be determined 

Figure 2. Oscillogram of t h e  Radiation of a f o r  t h e  given wavelength. 

G a s  t h a t  H a s  Been Heated by a Reflected 

Shock Wave. The absorp t ion  c a p a c i t i e s  


& ( A ,  T )  of t h e  (0,O) band of 
0 t h e  v i o l e t  system of CN ( A  = 

3,888 1, s p e c t r a l  region Av = 100 cm -1) 
obtained by t h i s  procedure are i l l u s -

0 
0 

0 t r a t e d  i n  Figure 3 f o r  t h e  following 
gas mixture:  75% C02 + 25% N2. The 

0 1  0 2  d a t a  t o  6,000"K ( v e l o c i t y  of i n c i d e n t  
wave t o  3.5 km/sec) w e r e  obtained with 
t h e  use  of hydrogen i n  t h e  high-pres-
s u r e  compartment, while  OHHM w a s  em-

Figure 3. Dependence of Absorption ployed as t h e  propel l ing  gas  f o r  t h e
Capacity of t h e  ( 0 , O )  Band of t h e  o t h e r s .
Violet  System of CN on Temperature. 
(1) according t o  t h e  r a d i a t i o n  meth- The accuracy of measurement by t h e
od; ( 2 )  according t o  t h e  absorp t ion  descr ibed method i s  der ived from t h e
method. accuracy of measuring t h e  p o t e n t i a l  

d i f f e r e n c e  by means of an 10-4 o s c i l l o 
graph t o  ? lo%,  t h e  o p e r a t i o n a l  s t a b i l i t y  of t h e  FEU-29 photoe lec t ronic  m u l t i p l i 
er ?5%, reproduct ion and recording accuracy by means of a s tandard l i g h t - f l u x  
osc i l lograph  ?lo%, and amounts t o  ?25% .on t h e  whole. 

Measurement of t h e  Absorption Capacity of t h e  ( 0 , O )  
Band of t h e  Vio le t  System of CN 

To i n c r e a s e  t h e  r e l i a b i l i t y  of t h e  r e s u l t s ,  t h e  absorp t ion  c o e f f i c i e n t  of 
t h e  (0,O) band of t h e  v i o l e t  system of CN w a s  measured d i r e c t l y .  On t h e  one 
hand, t h e  d a t a  obtained by t h i s  method w e r e  s u b s t a n t i a t e d  by t h e  d a t a  obtained 
by t h e  method descr ibed above; on t h e  o t h e r  hand, measurement of t h e  r a d i a t i o n  
and absorp t ion  c a p a c i t i e s  made i t  p o s s i b l e  t o  determine t h e  gas temperature on 
t h e  b a s i s  of Ki rchhoff ' s  l a w .  The i n t e n s i t i e s  of t h e  i n c i d e n t  and departed rad i 
a t i o n  i n  t h i s  case are r e l a t e d  by t h e  following expression: 
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Here I
XO 

is the intensity of incident radiation: Ix is the intensity of departed 
radiation; k ,  is the absorption coefficient per unit length. /75 

The absorption capacity is related to IX' Ixo,and k x by the following expression: 

A DKSSh-1000 xenon tube was employed as an auxiliary source: the tube was 
installed in the focal plane of the first lens. A parallel light beam, in pas
sing the investigated gas layer, was focused on the entrance slit of the mono
chromator. A diaphragm was placed in the path of the light flux in such a way 
that this flux struck only the upper portion of the slit; therefore, only the 
radiation of the investigated gas struck the lower portion of the monochromator 
slit [I]. 

Radiation from both parts of the entrance slit proceeds correspondingly to 

two FEU-29 photoelectronic multipliers. The signals are then recorded on 10-4 

oscillographs. 


TG-10207 1 

I 1 1 
Figure 4 .  Schematic of DKSSh-1000 Xenon Tube 
Power Supply. (A) long-line charging recti
fier; (B) to system which opens TGI-400/3.5 
thyratron; (C) heating circuit of TGI-400/3.5 
thyratron; (D) adjustable discharger. 

Neutral light filters were installed between the second lens and the en

trance slit of the monochromator, which made it possible to vary the sensing 

system within wide limits, leaving its other parameters unchanged. The relation

ship between the sensitivity of the system's channels on the whole was monitored 

by the following methods: 


1) The section with the viewing windows was removed and the radiation 

pulse of the DKSSh-1000 tube was recorded on both channels; 
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2) An SI-8-200 tube was installed in place of the section with the view
ing windows and its radiation was recorded on both channels. 

3) The radiation o f  the investigated gas was recorded on both channels of 
the system. In this case the DKSSh-1000 tube was turned off and the sensitiv
ity of the system was increased by selecting neutral light filters in such a way 
as to reliably fix the gas radiation. 

The parameters of the system were selected in such a way that the magni

tudes of the signals on both channels were approximately identical. 


Figure 4 is a schematic of the power supply of the DKSSh-1000 xenon tube. 
After actuation of key K ,  the discharger breaks down, and then the discharge 
interval of the DKSSh-1000 tube also breaks down. The power supply circuit of 
the tube is closed in a continuous mode. The tube requires a current of 10-50 A 
in this mode. 

In order to raise the brightness temperature of the tube and thereby expand 

the range of measurements of the absorption coefficients by means of the given 

method, additional pulsed feeding of the xenon tube was accomplished, which con- 176
-
sisted in the fact that the long line which had been preliminarily charged to a 
voltage of 300-600 V was discharged through the tube after arrival of a trigger
ing pulse from the synchronization block at the TGI-40013.5 thyratron. The 
long line consisted of four IM-3-100 capacitors and four inductance coils. The 
inductances were selected in such a way that the additional radiation pulse of 
the xenon tube had a trapezoidal shape (Figure 5); the size of the portion 
where the radiation is constant is 200 usec. 

Figure 5. Oscillogram of Radiation Pulse of 

Xenon Tube. 


The radiation pulse of the xenon tube was photographed prior to the begin
ning of the experiment, the low-pressure comp,artment of the shock tube was pre
liminarily flushed with the investigated gas, and then the compartment was 
filled to the required pressure (5-10 mm Hg). The moment of arrival of the 
shock wave was synchronized with the moment of the appearance of an additional 
illumination pulse from the xenon lamp in such a way that absorption of the 
tube's radiation by the investigated gas occurred on the portion of the pulse 
where the tube radiation remains constant. The quantity I= I0 - EI0 + I'was 
thereby recorded on the first oscillograph and el' was recorded on the second 
oscillograph. Here 10 is the intensity of the additional radiation pulse of 
the tube; I'is the intensity of radiation of the investigated gas layer; E is 
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its absorption capacity, e is the channel sensitivity ratio. The sensitivity 
of the system was selected in such a way that there was no radiation pulse on 
the second oscillograph, { . e . ,  eI' = 0, and since e m l ,  I'= 0 .  Consequently, 
the first oscillograph recorded I = I0 - �Ioin this case as a function of time. 
The absorption capacity was calculated with the following relationship: 


E=-
I , -

I o  
I - (4) 

The time variation of the absorption coefficient is given in Figure 1, and 
the same figure shows the variational behavior of radiation over time (in rela
tive units). It follows from a consideration of Figure 1 that the absorption 
coefficient on the portion which corresponds to the time interval between the 
moment of reflection of the shock wave from the end of the shock tube and the 
moment of encounter of the first with the contact surface varies synchronously 
as the radiation varies. Then the radiation is not fixed, while the absorption 
coefficient again begins to increase from 0 (or from a certain value, as indi
cated by the dotted line) to unity. Control experiments indicated that the 
time in which the gas remains opaque is more than 500 psec. The indicated "se
condary absorption" cannot be explained by contamination of the glass, inasmuch 
as photographs of the radiation pulse of the xenon tube after the experiment 
indicated that the transparency of the glass was reduced during one experiment 

/77 
a maximum of two times. Since the radiation was not fixed simultaneously with 
the ''Secondary absorption", it should be considered that the gas located at a 
significantly higher temperature than the gas heated by the reflected shock 
wave is responsible for secondary absorption. It should be noted that the indi
cated "secondary absorption" was observed also at distances of 4, 7, 105 and 
140 cm from the end window, i.e., farther from the end of the shock tube than 
the place of encounter of the reflected shock wave and the contact region, even 
where primary absorption is not observed. The beginning of secondary absorption 
corresponds approximately to the moment of arrival of the reflected shock wave 
at the given cross section. 

It follows from the facts that have been presented that "secondary absorp

tion" is related to the state of the gas, which goes beyond the scope of the 

subject of the investigation and because of this has not been examined in detail. 


The data on the absorption capacity obtained by this method for a mixture 
of 75% C02 + 25% N2 are shown in Figure 3 .  The application of the method is 
limited by the relationship I'<<Io. The parameters of the DKSSh-1000 xenon 
tube (maximum brightness temperature approximately 10,000"K) made it possible 

to satisfy this relationship only to 6,000"K; therefore, the data obtained by 

this method are shown only to a temperature of 6,000"K. 


The accuracy of the method is composed of the accuracy of measuring the 
potential difference by means of an 10-4 oscillograph to ? l o % , - radiation sta
bility of the DKSSh-1000 tube in a pulsed mode + 5 % , .  operational stability of 
the FEU-29 photoelectronic multiplier + 5 % ,  and amounts to +20%.  
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Discussion of Results 


The relationship between the absorption capacity, the square of the matrix 

element of the electronic transition, and oscillator strength is determined by 

the following equations: 


Here 6(v, T, p )  is the intensity distribution function in an individual rota
+oo 

tional line, whereby / 6(v, T, p )  = 1; v*m is the frequency of the (0 ,O)  tran
-m 

-1sition of the violet system of CN, and is equal to 26,271 cm . 
The graph in Figure 6 gives the intensity distribution in the (0 ,O)  band 

of the violet system of CN, which was calculated with the aid of relationship 
(6) .  The distribution of the absorption coefficient in individual rotational 
lines (the left y-axis and the lower x-axis) and the total intensity distribu
tion in the (0,O) band of the violet system of CN are shown here for T = 8,000'K 
and p = 500 atm to values of the rotational quantum number j = 60. The obtained 
dependence of the absorption coefficient of the (0,O) band of the violet system 

Vof CN was approximated by the function k ( v ,  T) = a(!T)(l - -)Av (the dotted line /78-
in Figure 6),  where v varies from 0 to Av. 
acity by formula (5) gave 

Calculation of t.heabsorption cap-


Hence, for extremely small k and a(7') ,
2, 

Thus, 
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21 E ( v ,  T )= l - - 21i [I-exp(-- i v  A > ] .  
- AA V  

For complete absorp t ion  i n  t h e  band A 1 k dv, according t o  (6) ,  w e  have
VAv 

The r e l a t i o n s h i p  between IR," 2  I and fe i s  given by expression (7). 

y, CP?' 

Figure 6 .  Dependence of k 
V 

on v f o r  t h e  (0 ,O)  

Band.of t h e  Vio le t  System of CN. 

The r e s u l t s  of t h e  experiments descr ibed above are summarized i n  Figure 3. 
1The absorp t ion  capaci ty  of t h e  i n v e s t i g a t e d  gas l a y e r ,  E ( T )  = xv l[l-exp(-kvZ)]dv 

Av 
i s  p l o t t e d  on t h e  o r d i n a t e  a x i s  f o r  t h e  (0,O) band of t h e  v i o l e t  system of 

CN ( A  = 3883 w, A A  = 12 i,and z = 3 cm). The t o t a l  number of p a r t i c l e s  i n  cm 3 

and t h e  d e n s i t y  wi th  t h e  i n c r e a s e  of temperature remain approximately cons tan t ,  
while  t h e  pressure  varies from 26 a t m  a t  T = 5,000°K t o  63 a t m  a t  T = 9,000"K. 
Curves c a l c u l a t e d  with (10) and (11) are a l s o  given i n  t h e  same f i g u r e ;  t h e  

continuous curve w a s  c a l c u l a t e d  f o r  t h e  case o f  R"" = 0.35 a.u., f e e = 0.027, /79 
qvIvII= 0.92 according t o  (8) ;  t h e  CN concentrat ion w a s  c a l c u l a t e d  taking i n t o  

account t h e  a n a l y s i s  performed i n  (71, where i t  i s  indica ted  t h a t  DCN = 7.5 ev. 
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The d o t t e d  l i n e  shows t h e  curve under t h e  assumption t h a t  DCN = 8.1 eV. L e t  us 

no te  t h a t  i n  t h e  temperature range of 7,000-9,000°K, t h e  experimental  d a t a  l i e  
somewhat below t h e  c a l c u l a t e d  curve. This i s  ev ident ly  r e l a t e d  t o  t h e  fact  
t h a t  t h e  a c t i o n  of t h e  gas  loca ted  behind t h e  i n c i d e n t  shock wave leads  t o  a de
crease i n  t h e  t ransparency of t h e  viewing windows r i g h t  up t o  t h e  a r r i v a l  of t h e  
r e f l e c t e d  shock wave. The decrease i n  transparency of t h e  viewing windows dur
ing  t h e  experiments is  10-30% f o r  t h e  temperature range of 5,000-6,000°K. The 
same decrease i n  transparency of t h e  windows should ev ident ly  b e  expected from 
t h e  a c t i o n  of t h e  gas s i t u a t e d  behind t h e  i n c i d e n t  wave, s i n c e  t h e  temperature 
of t h e  gas  behind t h e  i n c i d e n t  wave is  5,000-6,000"K f o r  t h e  case under consid
e r a t i o n .  For temperatures of 9,000"K and h igher ,  t h e  experimental  va lues  l i e  
s i g n i f i c a n t l y  below t h e  ca lcu la ted  curve,  which i s  ev ident ly  r e l a t e d  t o  t h e  f a c t  
t h a t  t h e  gas parameters,  which w e r e  c a l c u l a t e d  according t o  elementary shock 
tube theory,  are n o t  r e a l i z e d .  

Thus, i t  fol lows from t h e  experimental  d a t a  on t h e  measurement of t h e  ab
s o r p t i o n  capac i ty  of t h e  (0,O) band of t h e  v i o l e t  system t h a t  Re = (0.35 t 0.08)  
a.u.  and fe = (0.027 2 0.06) .  

The agreement of t h e  experimental  d a t a  ( t o  6,000"K) obtained by t h e  two 
methods i n d i c a t e d  above (see  Figure 3) i n d i c a t e s  t h a t  t h e  gas temperature calcu
l a t e d  according t o  t h e  v e l o c i t y  of t h e  i n c i d e n t  wave and t h a t  which occurred i n  
t h e  experiment w i t h i n  t h e  l i m i t s  of accuracy co inc ides ,  which may be demonstra
t e d  i n  t h e  following manner: 

H e r e  t h e  l i n e  denotes t h e  q u a n t i t i e s  measured i n  t h e  experiment, and T0 is  t h e  

gas temperature c a l c u l a t e d  according t o  t h e  v e l o c i t y  of t h e  shock wave; Too is 

t h e  gas  temperature c a l c u l a t e d  on t h e  b a s i s  of experimental  d a t a  on t h e  measure
ment of r a d i a t i o n  capac i ty  by means of Kirchhoff 's  l a w .  Relat ionships  (12)  and 
(13) are w r i t t e n  on t h e  b a s i s  of Kirchhoff ' s  l a w  (14), proceeding from t h e  
agreement of experimental  d a t a  obtained by t h e  r a d i a t i o n  and absorpt ion method. 
By s u b s t i t u t i n g  I from (13) i n t o  (12) and taking i n t o  account (14),w e  obta in  
B(To)  = B ( T o O ) ,  which is  equivalent  t o  T0 = Too i n  accordance with t h e  conclu

s i o n  made above. 

The time of arr ival  of t h e  system a t  equi l ibr ium can be est imated on t h e  
b a s i s  of t h e  leading f r o n t  of t h e  r a d i a t i o n  p u l s e ,  s i n c e  t h e  r a d i a t i o n  capac i ty  
i s  d i r e c t l y  r e l a t e d  t o  t h e  concentrat ion of p a r t i c l e s  i n  t h e  exc i ted  state and 
t o  t h e  gas temperature. The measurement of t h e s e  q u a n t i t i e s  d id  not  e n t e r  t h e  
problem on hand, and it may b e  a s p e c i a l  s u b j e c t  of i n v e s t i g a t i o n ;  however, an 
es t imat ion  of t h e  i n d i c a t e d  t i m e  f o r  a mixture  of n i t r o g e n  and carbon dioxide 
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is of interest. It turned out that T amounts to 20-10 psec for T = 5,000
6,000°K and p = 12-25 atm; it approximately coincides with the time resolution 
of the system (-2-3 psec) for higher temperatures and pressures. 
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ImSTIGATION OF THE STRUCTURE OF THE LUMINESCENCE FRONT 
IN AN ELECTROMAGNETIC SHOCK TUBE 

Yu. V. Makarov and A. M. Maksimov 

The tasks of investigating the optical and kinetic properties of gases at 
high temperatures and the problems of studying plasma gas dynamics required the 

/81 
creation of devices for generating high-temperature plasma moving at high veloc
ities. The use of strong shock waves created in gases by the pulsed discharge 
of a condenser bank in a specially shaped chamber for this purpose led to the 
development of electromagnetic shock tubes. The obtainment of shock-wave veloc
ities to 560 km/sec in devices at a low initial pressure in hydrogen has been 
reported [l]. There is presently very little information concerning the nature 
and structure of the luminescence front in these tubes, the duration of flow of 
the shock-heated gas, the thermodynamic state of the gas behind the shock front, 
the effect of a hot gas-discharge plasma on the gas parameters behind the shock 
wave, the relaxation phenomena in the front, etc. 

This article reports the results of an investigation of the structure of 
the luminescence front in air at a large distance from the discharge chamber. 

The installation, which is an electromagnetic shock tube with a conical 
discharge chamber, is described in [2],  where the results of investigations of 
the dependence of the velocity of the luminescence front on various parameters 
are presented [3 ] .  

An investigation of the propagation of the luminescence front through a 
tube with the aid of an ultrahigh-speed SFR camera makes it possible to trace 
the changes in shape of the front along the tube and to compare separate phases 
of the process with the changes in the discharge current. The structure of the 
front has been investigated both near (x - 2 0  cm) the discharge chamber, and 
also at distances x 40 cm from the annular electrode. A special device 
mounted in the SFR camera made it possible to phase in the survey process with 
the discharge current. The camera operated in a photoscanning and time-magnifi
ed mode. The survey field amounted to 13.5 cm. On the basis of experiments 
conducted at various initial pressures and voltages.on the bank, the following 
picture of the evolution of the luminescence front can be given. 

At an initial pressure of p 1 = 0.5 nun Hg and Ub -- 4 kv at a distance to 25 

cm from the annular electrode, the luminescence front is concave, with a bright
ly luminescent, partially asymmetrical region behind it (dimensions 2-3 cm).
In the later phases, when the luminescence brightness is noticeably decreased, 
a string-like structure which expands in the direction toward the front is 
quite visible. 

The front is flat or somewhat convex at the center at a distance of 40 cm 
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Figure 1. 

from the Annular Electrode at Ub = 4 kv. 
x = 4 0 ,  p1 = 2; (c) Lc = 57, p1 = 2 ;  (d) x = 65, pl = 2 ;  (e) x = 90, p1 = 1; 

Frame-by-Frame Photography of Luminescence at Different Distances x 
(a) x = 40 cm, p1 = 0.5 mm Hg; (b) 

(f) x = 90, p1 = 1.5. Exposure speed 1.50106 frames/sec, after exposure of 

13.5 cm. Frames are read from bottom to top, left to right. 
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(Figure la). Upon further movement of the front, its curvature increases, and 
a brightly luminescent region begins to separate behind the front, forming a 
"mushroom cap" structure (Figure 3a). At p1 = 0.5 mm Hg the cap forms at a dis
tance of x > 75 cm from the annular electrode. It should be noted that this 
stratification of the plasma behind the luminescence front occurs after the dis
charge current passes the maximum in the second half-period. 

The luminescence of the plasma drops rapidly behind the front, and a secon-/83-
dary front appears 30-40 psec aftef the first front (this time is comparable 
with the time between maxima of the discharge current in the first and second 
half-periods, i.e., -31 psec); this secondary front is rather extended in the 
center, diffuse, and relatively weakly luminescent. 

It can be seen very well that the boundary becomes more distinct as the ad
vancement of the curvature of the front decreases. The velocity of the secon
dary front is somewhat higher than the velocity of the primary front. 

A series of experiments conducted at other values of p 1 indicated that an 
analogous mushroom-like structure occurs in all cases when the discharge cur
rent drops after the second half-period. Inasmuch as the velocity of the front 
decreases with the increase of p 1' stratification of the front occurs closer to 

the discharge chamber. The velocity of the front at the moment of formation of 
the mushroom is approximately identical for different p 1 (-10-11 km/sec) . The 

luminescence front begins to decay as the front moves and as the discharge cur
rent decreases with the formation of various protuberances (see Figure Id and e) 
and is completely obliterated, forming a weakly luminescent diffuse structure. 
Behind this weakly luminescent and obliterated zone there moves a brighter re
gion of plasma behind the "pinch" which separates the mushroom-like structure 
from the plasma. A brightly luminescent, practically flat front appears 20-30 
psec after the passage of the first front (shorter time corresponds to larger 
p , ) ,  which is formed at large distances from the annular electrode and overtakes 
the primary front. The luminescence intensity of the plasma increases in the 
secondary front with the increase of p 1' 

The observed instability of the luminescence front, the fundamental stages 
of which proceed identically at various initial conditions and depend on the 
phase of the discharge current, makes it possible to conclude that the lumines
cence front is not a boundary of the shock wave which is stable at any M

S 
num

bers. 

For a qualitative investigation of the mutual arrangement of the shock wave 
and the luminescence front, the process of the reflection of plasma from an end 
plane inserted in a tube was investigated. Inasmuch as the gas is approximate
ly doubled at this enthalpy and the relaxation time decreases several orders 
due to the increase in temperature, the front of the incident shock wave can be 
fixed by a single value on the basis of the moment of the appearance of lumines
cence at the end. To perform these experiments, a copper container was mounted 
in the tube at a distance of 105 cm from the annular electrode (the gas was e
vacuated through peripheral holes). Continuous photoscanning of the reflection 
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process  w a s  conducted through a s l i t  p a r a l l e l  t o  t h e  tube a x i s .  Typical photo
graphs are shown i n  Figure 2 .  A t  pl = 0.5 mm Hg ( s t a g e  of mushroom-like s t ruc

t u r e  of luminescence f r o n t )  a b r i g h t l y  luminescent (approximately two orders  
b r i g h t e r )  r e f l e c t e d  wave appears simultaneously with t h e  approach of t h e  inc i 
dent  luminescence f r o n t  t o  t h e  end (within t h e  l i m i t s  of t h e  r e s o l u t i o n  t i m e  
0.445 vsec/mm). The p i c t u r e  changes with t h e  increase  of pl. I f  r e f l e c t i o n  oc

c u r s  simultaneously with t h e  a r r i v a l  of t h e  luminescence f r o n t  a t  t h e  end when 
p1 = 0 .7  mm Hg, a c e r t a i n  l a g  of t h e  b r i g h t  luminescence f r o n t  behind t h e  weakly 

luminescent f r o n t  i s  n o t i c e a b l e  a t  p1 = 0.9 mm Hg, which provides a r e f l e c t e d  

wave. The process  of delaying t h e  b r i g h t  luminescence f r o n t  with r e s p e c t  t o  t h e  
beginning of r e f l e c t i o n  is graphica l ly  v i s i b l e  a t  p1 r 1nun Hg (see Figure 2c 

and d ) .  The f r o n t  which provides t h e  r e f l e c t e d  wave  grows very weakly. An anal
ogous p i c t u r e  i s  observed i n  hydrogen, carbon dioxide,  and n i t rogen .  Photographs 
w e r e  taken with a Yu-3 en t rance  o b j e c t i v e  ( t h i s  f r o n t  i s  not  v i s i b l e  with a con
v e n t i o n a l  SFR o b j e c t i v e ) .  With t h e  i n c r e a s e  of ply a b r i g h t l y  luminescent re

gion l a g s  behind t h e  weakly luminescent f r o n t ,  which leads  t o  t h e  formation of a/84 
r e f l e c t e d  shock wave. It i s  n a t u r a l  t o  i d e n t i f y  t h i s  primary weakly luminescent 
f r o n t  with t h e  shock wave. The photographs show t h e  a r r i v a l  of t h e  secondary 
f r o n t  a t  t h e  end, which a l s o  provides a r e f l e c t e d  shock wave. A t  p1 t h e  flow 

behind t h e  f r o n t  of t h e  i n c i d e n t  shock wave i s  very nonuniform and contains  re
gions which move a t  d i f f e r e n t  v e l o c i t i e s .  The p e c u l i a r i t i e s  of t h e  r e f l e c t i o n  
process  a r e  more g r a p h i c a l l y  seen by means of frame-by-frame photography. 

A t  p1 = 0.5 mm Hg, t h e  r e f l e c t e d  w a v e  appears simultaneously (within t h e  

limits of t h e  t i m e  r e s o l u t i o n  of one frame -0 .67  1-1 s e c )  with t h e  a r r i v a l  of 
t h e  peak of t h e  "cap" a t  t h e  end. It i s  c h a r a c t e r i s t i c  t h a t  t h e  luminescence of 
t h e  r e f l e c t e d  wave occurs on t h e  e n t i r e  s u r f a c e  of t h e  w a l l ,  al though t h e  i n c i 
dent  f r o n t  i s  n o t  f l a t .  Even i n  t h e  case when an extremely deformed o r  s i g n i f 
i c a n t l y  o b l i t e r a t e d  i n c i d e n t  f r o n t  approaches t h e  end, t h e  r e f l e c t e d  wave 
occurs immediately on t h e  e n t i r e  s u r f a c e  of t h e  end. This i n d i c a t e s  t h a t  t h e  
luminescence on t h e  end i s  conditioned n o t  by recombination of e x c i t e d  atoms i n  
t h e  plasma, bu t  by t h e  r e f l e c t i o n  of t h e  shock wave. A t  h igher  pressures  t h e  
r e f l e c t e d  wave appears s i g n i f i c a n t l y  earlier than t h e  a r r i v a l  of t h e  d i f f u s e l y  
o b l i t e r a t e d  luminescence f r o n t  a t  t h e  end (Figure 3 ~ ) .  This p o i n t s  ou t  t h a t  t h e  
shock f r o n t  s i g n i f i c a n t l y  leads  t h e  luminescene f r o n t  a t  high p , .  

The d e t e c t i o n  of i n s t a b i l i t y  of the  luminescence f r o n t  i s  extremely essen
t i a l  i n  t h e  r e s u l t s  given above. L e t  us no te  t h a t  i t  develops when t h e  shock 
f r o n t  begins t o  leave  t h e  luminescence f r o n t .  The shape of t h e  luminescence 
f r o n t  i s  s i m i l a r  t o  t h e  contac t  s u r f a c e  observed i n  conventional shock tubes i n  
photographs taken by means of an IAB-451 instrument.  I f  w e  use t h i s  analogy as 
our p o i n t  of depar ture ,  t h e  conclusion concerning t h e  f a c t  t h a t  t h e  luminescence 
f r o n t  i s  t h e  boundary of t h e  gas-discharge plasma, which p lays  t h e  r o l e  of a pis
ton i n  t h e  formation of t h e  shock wave, is q u i t e  j u s t i f i e d .  This formation of 
i n s t a b i l i t y  may b e  caused by two f a c t o r s .  Due t o  t h e  s i g n i f i c a n t  d e c e l e r a t i o n  
of t h e  plasma a t  t h e  d is tances  a t  which t h e  luminescence f r o n t  begins t o  decay, 
Rayleigh-Taylor i n s t a b i l i t y  may develop [4] .  It is  s u f f i c i e n t  f o r  t h i s  t h a t  t h e  
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Figure 2. Photographic Survey of Plasma Reflection from 
End Plane 105 cm from Annular Electrode at U = 4 kv. 

(a) p1 = 0.5 mm Hg, V
S 

= 11.5 km/sec; (b) p 1 = 0.9, V
S 

= 

9.1; (c) = 1, Vs = 8.3; (d) p1 = 2, Vs = 5.4. 
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dens i ty  i n  the  gas-discharge plasma be h igher  than i n  t h e  region of t h e  shock-
heated gas , which is  extremely probable s i n c e  t h e  gas-discharge plasma contains  
a l a r g e  quan t i ty  of heavy admixtures [3 ]  and cools  o f f  a f t e r  t h e  discharge cur
r e n t  ceases .  Another poss ib l e  cause may be  t h e  formation of s i g n i f i c a n t  densi ty  
grad ien ts  i n  t h e  i n i t i a l  s t a g e  of t h e  formation of t he  plasma p i s ton ,  which is  
brought about by t h e  nonuniformity of breakdown a t  high p 1' 

Inves t iga t ion  of r e f l e c t i o n  from t h e  end i n d i c a t e s  t h a t  t h e  r e f l e c t e d  wave 
appears simultaneously wi th  t h e  approach of t h e  luminescence f r o n t  t o  t h e  end 
when p1 < 0.7 mm Hg (Vs > 10 km/sec). 

When p1 inc reases ,  t h e  shock f r o n t  i s  a weakly luminescent narrow zone, 

behind which, a f t e r  t h e  dark reg ion  chat i nc reases  wi th  t h e  inc rease  of p 1' 
t h e r e  fol lows a b r i g h t  luminescence f r o n t .  This luminescence d i s t r i b u t i o n  be
hind the  shock f r o n t  may be caused by r e l axa t ion  phenomena o r  condi t ioned by 
t h e  process  of cool ing o f f  of t h e  gas-discharge plasma descr ibed above. A s in 
g l e  answer t o  t h i s  ques t ion  can be given only a f t e r  d e t a i l e d  i n v e s t i g a t i o n s  of 
t he  s t r u c t u r e  of t he  f r o n t  are conducted by o the r  methods; however, t h e  forma
t i o n  of c h a r a c t e r i s t i c  i n s t a b i l i t i e s  and plasma e j e c t i o n s ,  which almost reach the  
shock f r o n t  (frame-by-frame photographs of r e f l e c t i o n  from t h e  end) ,  obviously 
i n d i c a t e s  t h a t  t h e  luminescence belongs t o  t h e  gas-discharge plasma. W e  f i n d  
i n  t h i s  case t h a t  with t h e  inc rease  i n  ve loc i ty  of t he  f r o n t ,  t he  gas-discharge 
plasma follows the  shock f r o n t  so c lose ly  t h a t  i t  merges with i t  wi th in  the  
l i m i t s  of t h e  r e s o l u t i o n  t i m e  0.445 vsec/mm. 

Frame-by-frame photography of t h e  r e f l e c t i o n  p a t t e r n  s u b s t a n t i a t e s  t h i s  /86
conclusion very w e l l  ( s ee  Figure 3 ) .  The shape of t h e  r e f l e c t e d  wave a t  p1 = 

0.5 mm Hg has a p e c u l i a r i t y  t h a t  resembles t h e  A-structure i n  t h e  conventional 
shock tubes,  which i s  caused by t h e  i n t e r a c t i o n  of t he  r e f l e c t e d  shock wave wi th  
t h e  boundary l a y e r  of t h e  flow behind t h e  inc iden t  wave [5 ] .  This i n d i c a t e s  t he  
e s s e n t i a l l y  gas-dynamic n a t u r e  of t he  processes  a t  l a r g e  d i s t ances  from t h e  d i s 
charge chamber. 

The following conclusions can be made on t h e  b a s i s  of t he  experiments con
ducted: 

1. A t  a c e r t a i n  d i s t ance  from the  annular  e l ec t rode  (depending on p 1and 

Ub and t h e  corresponding s p e c i f i c  phase of a t t enua t ion  of t h e  discharge cur ren t )  

t h e  luminescence f r o n t  decays wi th  t h e  formation of var ious  i n s t a b i l i t y  and, 
consequently,  is  no t  a shock wave. 

2. The luminescence f r o n t  i s  a gas-discharge p lasma which plays the  r o l e  /87
of a "piston" i n  the  formation of a shock wave. 

3. The reg ion  of t h e  shock-heated gas between the  shock f r o n t  and t h e  gas-
. discharge plasma is  s i g n i f i c a n t l y  reduced when p 

1 
decreases  and V 

S 
inc reases ,  

and becomes d iscernable  ( p1 < 0.7 mm Hg, Vs > 10 km/sec). 
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Figure 3. Frame-by-Frame Photographs of Shock Wave 
Ref lec t ion  from End Plane 137 c m  from Annular Elec
t rode .  (a) p1 = 0.5 mm Hg, Ub = 4 kv; (b) p1 = 1, 

Ub = 4 ;  (c)  p1 = 2,  Ub = 4 .  

4 .  Measurements i n  a i r ,  n i t rogen ,  hydrogen, and carbon dioxide i n d i c a t e d  
t h a t  t h e  p e c u l i a r i t y  pointed o u t  i n  2 is c h a r a c t e r i s t i c  f o r  a l l  t h e  i n v e s t i g a t e d  
gases. This i n d i c a t e s  t h a t  t h e  luminescence f r o n t  observed i n  e lectromagnet ic  
shock tubes by means of o p t i c a l  devices  i s  t h e  boundary of a gas-discharge plas
ma. 

5. The decay of t h e  boundary of t h e  gas-discharge plasma may l e a d  t o  a 
change i n  t h e  s ta te  of t h e  shock-heated gas due t o  t h e  p e n e t r a t i o n  of i t s  "ton
gues" i n t o  t h e  "plug" region. 
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SPECTROSCOPIC INVESTIGATION OF AN IONIZED GAS IN AN 
nECTROMAGNETIC SHOCK TUBE 

V. A. Bashilov 

The questions associated with the structure of a luminescence front and 
the existence of a region of a shock-heated gas and contact surface having the 

/88 
nature of the substance which moves behind it in electromagnetic shock tubes 
have been insufficiently studied. This work was set up for this very purpose. 

An experimental installation was prepared with the following characteris

tics. 


The power portion of the installation consists of 38 IM5-150 condensers, 
the maximum energy of which is 71 kJ at a voltage of 5 kV. 

To obtain minimum inductance of the loop, the condensers are connected by 
low-inductance leads as shown in Figure 1,which consist of two copper sheets, 
one of which is attached to the positive terminal of the condenser and the other 
is attached to the negative terminal. The copper sheets are isolated from one 
another by seven polyethylene sheets 0.5 mm in thickness. In the center of the 
bank, at the point of attachment of the lead buses, the leads are reinforced by 
a 10-mm bronze sheet. The inductance of the leads, condensers, and the feeder 

-8to fhe installation is approximately 3-10 H. 


Figure 1. Design Diagram of Lead Attachment. (1) 
reinforcing plate (copper); (2) plexiglass insula
tion ring; (3) clamping cap; ( 4 )  copper sheets; (5) 
high-voltage condenser lead insulator.; ( 6 )  support 
nut. 

The experimental setup is a conical discharge chamber with annular and pin-
type electrodes. The design of the discharge chamber may be seen in Figure 2. 

The controlled discharger is depicted in the lower portion of the installa

tion; it is screwed directly to the leads. The size of the discharge gap can 

be regulated by rotating the lower electrode. A channel is made in the lower 

electrode, through which an igniting electrode is attached in a teflon insula

tor. This ignition system is successful since upon breakdown of the gap 
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by a high-voltage i n g n i t i o n  pulse ,  t h e  working 
volume of t h e  c o n i c a l  chamber i s  simultaneously 
broken down. The i n i t i a l  i o n i z a t i o n  thus c rea ted  
i n  t h e  chamber condi t ions s t a b l e  opera t ion  of t h e  
i n s t a l l a t i o n .  

A Rogowski i n t e g r a t i o n  loop, which measures 
t h e  t o t a l  discharge c u r r e n t ,  i s  i n s t a l l e d  i n  t h e  
chamber with t h e  discharger .  

The cone is  f a b r i c a t e d  from p l e x i g l a s s  o r  
t e f l o n .  The e lec t rodes  are sea led  w i t h  rubber. 
The c e n t r a l  and annular  e l e c t r o d e s  are made from 

__/89  

e l e c t r o l y t i c  copper. The cone i s  t i g h t l y  i n s e r t e d  
i n t o  t h e  copper housing and i s  sea led  by t h e  annu
l a r  e lec t rode .  The copper housing forms a reverse  
conductor. This design has  complete a x i a l  symme
t r y .  

The process of propagation of a shock wave 
is  recorded i n  t h e  tube,  which i s  vacuum-coupled 
t i g h t l y  t o  t h e  conica l  chamber ( see  Figure 2 ) .  

Elongated tubes with a diameter of 70 mm, 
l ength  2 m y  and a p l e x i g l a s s  tube wi th  a square 
c r o s s  s e c t i o n  50 x 50 mm w e r e  employed i n  t h e  ex
periments. One end of t h e  tube i s  a t tached  t o  
t h e  d i f f u s i o n  pump. 

Figure 2. Design Diagram 

of I n s t a l l a t i o n .  (1) p i n  A spectrograph with mir ror  scanning w a s  used 

e lec t rode  (copper) ; (2)  t o  i n v e s t i g a t e  t h e  emission s p e c t r a  of t h e  ionized 

annular  e l e c t r o d e ;  ( 3 )  gas which forms i n  t h e  shock tube [ l ]  . 

conica l  chamber (plexi 

g l a s s  and t e f l o n ) ;  ( 4 )  re- A s  t h e  f i r s t  experiments ind ica ted ,  t h e  l u m i  

verse  conductor; (A) d i f - nescence i n t e n s i t i e s  w e r e  no t  always s u f f i c i e n t  

fus ion  pump; (B)  i g n i t i o n .  f o r  obtaining well-exposed f i lms .  Therefore,  a 


r e f l e c t i n g  mir ror  w a s  employed i n  subsequent ex
periments ( see  below). Opt ica l ly  t ransparent  g l a s s  w a s  i n s e r t e d  i n t o  t h e  tube 
window t o  reduce absorp t ion  i n  t h e  w a l l s .  The g l a s s  w a s  washed with a so lvent  
a f t e r  each experiment. The tube w a s  p e r i o d i c a l l y  washed with a s o l u t i o n  of hy
d r o f l u o r i c  o r  n i t r i c  ac id .  The i n t e n s i t y  of t h e  scanning l i n e s  w a s  s i g n i f i c a n t 
l y  increased by employing f r e s h  "Panchromatic-13" f i l m  with a s e n s i t i v i t y  of 
2,000 GOST u n i t s  manufactured by t h e  Kazan' Chemical P lan t .  

The emission spectrum w a s  recorded i n  two regions of t h e  shock tube: a t  a 
d i s t a n c e  of 30 and 150 cm from t h e  annular  e l e c t r o d e  of t h e  c o n i c a l  discharge 
chamber. To i n c r e a s e  t h e  luminosi ty  of t h e  instrument ,  a p lanar  mir ror  w a s  
placed on t h e  oppos i te  s i d e  of t h e  shock tube i n  some experiments t o  r e f l e c t  
l i g h t  onto t h e  en t rance  s l i t  of t h e  spectrograph. 

I n  t h i s  case, t h e  en t rance  s l i t  of t h e  spectrograph w a s  i l lumina ted  by 
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means of a double-lens i l l u m i n a t i o n  system which w a s  designed i n  such a way as 
t o  completely f i l l  t h e  a p e r t u r e  of t h e  spectrograph and t o  simultaneously o b t a i n  
t h e  most e f f e c t i v e  i l l u m i n a t i o n  of t h e  s l i t .  

These condi t ions  w i l l  b e  observed b e s t  of a l l  i f  t h e  co l l imat ing  sl i t  on 
t h e  shock tube i s  r e f l e c t e d  onto t h e  spectrograph s l i t ,  and t h e  rear mir ror  on
t o  t h e  co l l imator .  The condenser system of t h e  i l l u m i n a t o r  is descr ibed i n  [ 2 ] .  

The system makes i t  p o s s i b l e  t o  double t h e  amount of l i g h t ,  while  r e t a i n i n g  /90 
good space r e s o l u t i o n .  The he ight  of t h e  s l i t  w a s  r e s t r i c t e d  by means of a dia
phragm in such a way t h a t  t h e  curva ture  of the s p e c t r a l  l i n e s ,  which i s  caused 
by d i s p e r s i o n  on t h e  en t rance  s l i t ,  d i d  n o t  a f f e c t  t h e  q u a l i t y  of scanning. I n  
t h e  course of t h e  prel iminary prepara t ion  of the spectrograph,  s e v e r a l  c o n t r o l  
arc s p e c t r a  w e r e  taken with i r o n  e l e c t r o d e s  and a d i s p e r s i o n  curve w a s  p l o t t e d  
on t h e  b a s i s  of t h e s e  s p e c t r a ;  s e v e r a l  emission s p e c t r a  of t h e  discharge plasma 
w e r e  then obtained with a s t a t i o n a r y  mirror .  A i r  w a s  t h e  working gas. 

The re ference  spectrum from t h e  arc w i t h  i r o n  e l e c t r o d e s  w a s  imprinted on 
t h e  same f i l m  with t h e  a i d  of a Hartman diaphragm. The r e s u l t s  of i n t e r p r e t a 
t i o n  of t h e  plasma spectrum i n  t h e  case of f i l l i n g  the tube w i t h  a i r  are given 
i n  t h e  t a b l e .  

-
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A s  can be seen from t h e  t a b l e ,  almost t h e  e n t i r e  spectrum c o n s i s t s  of im
p u r i t i e s  i n  t h e  gas-discharge plasma ( the  material of t h e  d ischarger  and t h e  
tube,  contaminated a i r ,  e t c . ) .  Only a few l i n e s  w e r e  de tec ted  i n  t h e  spectrum 
which correspond t o  hydrogen and oxygen. It should be noted t h a t  a t  high i n i 
t i a l  p ressures  i n  t h e  tube (-5-10 mm Hg) r a t h e r  i n t e n s e  molecular bands (CN 
and C2 ) appear i n  t h e  spectrum. The emission spectrum d i d  n o t  change a f t e r  f i l 
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l i n g  t h e  tube with hydrogen, i . e . ,  only more i n t e n s e  l i n e s  of t h e  Balmer series 
appeared. The subsequent experiments w e r e  performed with hydrogen. 

Scanning the Emission Spectrum Near the Discharge Chamber 

A comparison of s p e c t r a l  scannings obtained a t  var ious  d is tances  from t h e  
discharge chamber i s  of cons iderable  i n t e r e s t .  The f i r s t  p a r t  of t h e  work w a s  
conducted wi th  a spectrograph i n s t a l l a t i o n  a t  a d i s t a n c e  of 30 c m  from t h e  annu
l a r  e lec t rode .  A l a r g e  number of s p e c t r a l  scannings w e r e  obtained a t  var ious  
i n i t i a l  p ressures  i n  t h e  tube (from 0.3 t o  3 mm Hg) and var ious  vol tages  i n  t h e &  
discharge chamber. A t y p i c a l  spectrum i s  shown i n  Figure 3.  I n t e r p r e t a t i o n  of 

Figure 3. S p e c t r a l  Scanning Near Discharge Chamber. 

t h e  s p e c t r a  taken near  t h e  discharge chamber ind ica ted  t h a t  t h e  emission be
longs mainly t o  t h e  l i n e s  of t h e  Cu and Ca impur i t ies  (see t a b l e ) .  The spec
t r a l  scannings have a sharply expressed f r o n t ,  i . e . ,  t h e  major i ty  of l i n e s  
which correspond t o  t h e  i m p u r i t i e s  and t h e  working gas begin t o  s c i n t i l l a t e  si
multaneously. However, t h e r e  are l i n e s  i n  t h e  spec t rum,  t h e  beginning of whose 
s c i n t i l l a t i o n  i s  several psec behind t h e  leading luminescence f r o n t .  S p e c t r a l  
a n a l y s i s  ind ica ted  t h a t  t h e s e  are t h e  l i n e s  w i t h  t h e  h igher  e x c i t a t i o n  poten
t ia l s .  As can be seen i n  Figure 3 ,  t h e  dura t ion  of luminescence of t h e  l i n e s  
a l s o  i s  extremely d i s s i m i l a r .  A s  a r u l e ,  l i n e s  with a high e x c i t a t i o n  poten
t i a l  glow f o r  a s h o r t e r  per iod of t i m e .  The most i n t e n s e  l i n e s  of copper con
t i n u e  t o  glow even a f t e r  t h e  luminescence of t h e  hydrogen l i n e  ceases. A s t rong  
continuum i s  d i s t i n c t l y  v i s i b l e  i n  t h e  photographs of t h e  s p e c t r a l  scannings 
near  t h e  discharge chamber; i t s  "banded" s t r u c t u r e  i n d i c a t e s  the presence of 
some pulsa t ions  of t h e  plasma flow. The continuum appears i n  t h e  spectrum-10 
y s e c  a f t e r  t h e  beginning of luminescence, and then,  i n  -40 psec, t h e r e  follows 
a number of bands which d i f f e r  i n  dura t ion  and i n t e n s i t y .  There i s  no per iodic
i t y  i n  t h e i r  appearance. It should b e  noted, however, t h a t  t h e  s p e c t r a l  pic
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t u r e  has  good r e p e t i t i o n  from experiment t o  experiment (under i d e n t i c a l  i n i t i a l  
discharge condi t ions) .  To expla in  t h e  n a t u r e  of t h e  continuum "bands", emission 
s p e c t r a  of an  ion ized  gas  w e r e  photographed a t  var ious  i n i t i a l  p ressures  i n  t h e  
tube.  It w a s  e s t a b l i s h e d  t h a t  t h e s e  "bands" e x i s t  i n  t h e  e n t i r e  p r e s s u r e  i n t e r 
val, although t h e i r  p o s i t i o n  changes. It can b e  seen from t h e  photographs t h a t  
t h e  broadening of t h e  l i n e s  i n c r e a s e s  simultaneously with t h e  appearance of t h e  
continuum band. The bands of continuous emission are evident ly  f i x e d  by t h e  
spectrograph a t  t h e  moment of passage of a plasma c l u s t e r  with a l a r g e  concen
t r a t i o n  of charged p a r t i c l e s  (e lec t rons  and ions)  i n  f r o n t  of t h e  slit .  An in
creased concent ra t ion  of e l e c t r o n s  and ions  l e a d s  t o  t h e i r  i n t e n s e  i n t e r a c t i o n ,  
and t o  an  i n c r e a s e  i n  t h e  q u a n t i t y  of f r e e - f r e e  t r a n s i t i o n s  and i n t e n s i t y  of 
ion-electron recombination. Frame-by-frame photography of t h e  process  of plasma 
motion i n  e lectromagnet ic  shock tubes [ 3 ]  a l s o  i n d i c a t e s  t h a t  t h e  plasma flow 	 192-
is  n o t  homogeneous, bu t  c o n s i s t s  of s e p a r a t e  b r i g h t l y  luminescent c l u s t e r s .  
Plasma s p e c t r a l  scannings i n d i c a t e  p r e c i s e l y  t h i s  c h a r a c t e r  of t h e  process .  

Measurement of t h e  l a g  times of Cu l i n e s  wi th  r e s p e c t  t o  hydrogen l i n e s  in
d i c a t e d  t h a t  a t  a d i s t a n c e  of 30 cm from t h e  annular  e l e c t r o d e  t h e  l i n e s  of cop
per  and hydrogen s c i n t i l l a t e  simultaneously,  i . e . ,  t h e  gas-discharge plasma com
p l e t e l y  adheres t o  t h e  f r o n t  of t h e  shock wave .  An i n c r e a s e  i n  t h e  rate of 
s p e c t r a l  scanning t o  2 km/sec provides t h e  same r e s u l t ,  i . e . ,  i t  w a s  previously 
impossible t o  s e p a r a t e  t h e  gaseous region behind t h e  shock wave from t h e  gas-
discharge plasma. An i n c r e a s e  i n  t h e  scanning rate above 2 km/sec l e d  t o  s ig
n i f i c a n t  a t t e n u a t i o n  of t h e  spectrum. 

Photographs of s p e c t r a l  scannings i n d i c a t e  t h a t  t h e  H 
c1 

and HB l i n e s  are 

s i g 6 i f  i c a n t l y  broadened, whereby t h e i r  width changes p e r i o d i c a l l y  i n  time. As 
we  a l ready  mentioned, broadening of t h e  l i n e s  co inc ides  wi th  t h e  p u l s a t i o n s  of 
t h e  continuum and i n d i c a t e s  t h e  non-homogeneous c h a r a c t e r  of t h e  plasma flow 
near  t h e  discharge chamber. The width of t h e  l i n e s  decreases  s i g n i f i c a n t l y  i n  
~ 4 p s e c ,  and t h i s  moment coincides  with t h e  end of t h e  f i r s t  half-per iod of0 
t h e  discharge c u r r e n t  simultaneously with t h e  disappearance of t h e  continuum. 

S p e c t r a l  scannings f o r  t h e  i n t e r v a l  of i n i t i a l  p ressures  i n  the tube 0.3-3 
mm Hg ind ica ted  t h a t  t h e  luminescence i n t e n s i t y  of t h e  i m p u r i t i e s  p r a c t i c a l l y  
does n o t  change. This obviously p o i n t s  t o  t h e  f a c t  that t h e  character of t h e  
discharge and t h e  evaporat ion of t h e  e l e c t r o d e s  and t h e  w a l l s  of 
chamber depend very l i t t l e  on pressure  i n  the i n d i c a t e d  range. 
c h a r a c t e r  of t h e  c u r r e n t  and vol tage  curves a t  var ious  pressures  
charge chamber a l s o  p o i n t s  t o  t h e  same f a c t .  

S p e c t r a l  Scanning a t  a Large Distance 
from t h e  Discharge Chamber 

t h e  discharge 
The unchanged 

i n  t h e  dis-

The second p a r t  of t h e  experiments w a s  conducted with t h e  spectrograph set
up a t  a d i s t a n c e  of 120 c m  from t h e  discharge chamber. A l a r g e  number of spec
t r a l  scannings were obtained under var ious  i n i t i a l  condi t ions.  A s  i n  t h e  f i r s t  
case, i n t e r p r e t a t i o n  of t h e  spectrum indica ted  t h a t  i t ,  t o  a s i g n i f i c a n t  e x t e n t ,  
c o n s i s t s  of l i n e s  which correspond t o  i m p u r i t i e s  whose luminescence ' in tens i ty  
w a s  somewhat decreased as compared with t h e  s p e c t r a  near  t h e  chamber. A t y p i c a l  
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Figure 4. S p e c t r a l  Scanning a t  a Distance of 120 cm from the 
Discharge Chamber. (a) Ha l i n e  v i s i b l e ;  (b) Ha 'and H-. lines ' 

v i s i b l e .  B 
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spectrum i s  shown i n  F igure  4 .  

As can b e  seen from t h e  photographs, t h e  most c h a r a c t e r i s t i c  f e a t u r e  of 
t h e  s p e c t r a  is t h e  f a c t  t h a t  t h e  hydrogen l i n e s  begin t o  s c i n t i l l a t e  somewhat 
earlier than t h e  impuri ty  l i n e s .  This l e a d  i s  n e g l i g i b l e  a t  a pressure  of 0.3 
mm Hg ( -0.5 psec'), bu t  i t  amounts t o  - 5  psec a t  a p r e s s u r e  of 5 mm Hg. The 
shape of t h e  hydrogen l i n e s  i s  i n t e r e s t i n g .  L e t  us examine, f o r  example, t h e  Ha 
l i n e .  A t  first only a weak luminescence of t h e  l i n e  can b e  seen, whereby t h e  
l i n e  i s  very narrow. Then t h e  luminescence i n t e n s i t y  and t h e  width of t h e  l i n e  
i n c r e a s e  abrupt ly .  A p o r t i o n  with a gradual  decrease i n  width then fol lows,  
and with t h e  appearance of l i n e s  i n  t h e  spectrum which correspond t o  Cu and oth
er i m p u r i t i e s ,  t h e  width of t h e  l i n e  i n c r e a s e s  aga in ,  whereupon t h e  width of t h e  
l i n e  becomes g r e a t e r  than a t  t h e  beginning of t h e  scanning. A well-defined con
tinuum simultaneously appears with t h e  appearance of t h e  Cu l i n e s  i n  t h e  spec
trum. The width of t h e  hydrogen l i n e s  gradual ly  decreases  i n  t i m e ,  whi le  t h e  
luminescence of t h e  l i n e s  does n o t  e n t i r e l y  cease i n  40-50 psec. 

An  a n a l y s i s  of t i m e  scanning of t h e  plasma spectrum i n  comparison wi th  t h e  
d a t a  of o t h e r  research  methods makes i t  p o s s i b l e  t o  present  t h e  following pic
t u r e  of t h e  process .  When t h e  gas-discharge plasma is  e j e c t e d  from t h e  d is - /94
charge volume, i t  i s  a c c e l e r a t e d ,  whereby a shock wave is  formed a t  t h e  end of 
t h e  gas-discharge ' 'piston' '  which r e s u l t s  i n  t h e  obtainment of a boundary on t h e  
photographs of t h e  s p e c t r a l  scannings near  t h e  chamber. A s  t h e  p i s t o n  moves a
long t h e  tube,  t h e  shock wave begins t o  gradual ly  d r i f t  from t h e  p i s t o n ,  creat
ing a region of shock-heated gas between t h e  f r o n t  of t h e  shock wave and t h e  
gas-discharge p la sma .  

Emission from t h e  f r o n t  of t h e  shock wave e v i d e n t l y  creates a c e r t a i n  pre
i o n i z a t i o n  s i n c e  s l i g h t  i l luminance of hydrogen i s  noted on t h e  s p e c t r a l  scan
ning p r i o r  t o  t h e  arr ival  of t h e  shock f r o n t .  The absence of a sharp boundary 
of t h e  beginning of luminescence of t h e  i m p u r i t i e s  i n d i c a t e s  t h a t  a concise  di
v i s i o n  of t h e  reg ion  of t h e  shock-heated gas and t h e  gas-discharge plasma does 
not  e x i s t ,  whi le  t h e  i m p u r i t i e s  e j e c t e d  from t h e  discharge volume p e n e t r a t e  t h e  
"plug" t o  a s i g n i f i c a n t  e x t e n t ,  thereby c r e a t i n g  a c e r t a i n  mixing zone. 

I n  a q u a l i t a t i v e  comparison of t h e  s p e c t r a l  scannings a t  d is tances  of 30 
and 120 c m  from t h e  discharge chamber, t h e  fol lowing can be noted. The t o t a l  
s p e c t r a l  i n t e n s i t y  i s  s i g n i f i c a n t l y  weaker a t  a l a r g e  d is tance .  Because of 
t h i s ,  t h e  width of t h e  en t rance  s l i t  of t h e  spectrograph w a s  enlarged,  which, 
of course,  a f f e c t e d  t h e  q u a l i t y  of t h e  spectrum. 

It can be f u r t h e r  noted t h a t  t h e  s p e c t r a  photographed near  t h e  discharge 
chamber were s i g n i f i c a n t l y  more abundant i n  l i n e s .  This may be explained by t h e  
f a c t  t h a t  some of t h e  l i n e s  with high i o n i z a t i o n  p o t e n t i a l s  glow more weakly a t  
a d i s t a n c e  of 120 cm from t h e  chamber due t o  a decrease i n  concentrat ion of ex
c i t e d  atoms, which i n  t u r n  i s  explained by t h e  decrease i n  temperature and t h e  
decrease i n  motion of t h e  gas-discharge plasma through t h e  tube; t h e r e  occurs an 
i n t e n s e  mixing of var ious  l a y e r s ,  whereby t h e  inhomogeneities of t h e  flow of t h e  
ionized gas are resorbed and decrease i n  s i z e .  

A comparison of t h e  s p e c t r a  i n  Figures 3 and 4 i n d i c a t e s  t h a t  t h e  lumines
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cence i n t e n s i t y  of t h e  continuum a t  a d i s t a n c e  of 120 cm from t h e  discharge cham
b e r  becomes s i g n i f i c a n t l y  weak. A t  a low scanning rate, < . e . ,  375 m / s e c ,  t h e  
"banded" s t r u c t u r e  of continuous emission is already i n v i s i b l e ,  and only t h e  
f i r s t  band is  r e t a i n e d ,  which corresponds t o  t h e  a r r i v a l  of t h e  gas-discharge 
plasma. This p i c t u r e  ev ident ly  p o i n t s  t o  t h e  f a c t  t h a t  t h e r e  occurs an i n t e n s e  
mixing of var ious  l a y e r s  as t h e  gas-discharge plasma moves along t h e  tube,  where
upon some of t h e  inhomogeneity i s  resorbed, while  t h e  o t h e r s  decrease i n  s i z e .  
A powerful c l u s t e r ,  which ev ident ly  corresponds t o  e j e c t i o n  a t  t h e  moment of t h e  
c u r r e n t  maximum, goes only i n t o  t h e  head of t h e  gas-discharge plasma. 

Determination of Plug Length Under Vari
- I n i t i a l  Discharge Conditionsous 

T i m e  scannings of plasma luminescence s p e c t r a  have made it poss ib le  t o  de
termine t h e  e x t e n t  of t h e  reg ion  of a shock-heated pure gas  (plug length) .  A s  
w e  have a l ready  mentioned, due t o  t h e  absence of a sharp boundary of emission 
from t h e  gas-discharge plasma, t h e  plug length  w a s  estimated with an e r r o r  to 
30%. The plug length  depends s i g n i f i c a n t l y  on t h e  i n i t i a l  p ressure ,  which w i l l  
be  maximum a t  pressures  of 5-8 nun Hg (Figure 5) .  The v e l o c i t y  of t h e  leading 
f r o n t  of luminescence decreases  sharply a t  high i n i t i a l  p ressures ,  whereby t h e  
region of t h e  shock-heated gas i s  not  recorded. 

This may be explained by t h e  decrease i n  gas t e m 
p e r a t u r e  behind t h e  shock f r o n t ,  which i n  t u r n  leads 
t o  a decrease i n  t h e  luminous emittance of t h e  plug 
and i t  is  not  f ixed  on t h e  scanning. The plug becomes 
s m a l l e r  a t  low i n i t i a l  p ressures ,  and i t s  ex ten t  does 
n o t  exceed s e v e r a l  m i l l i m e t e r s  a t  a pressure  of -80.1s'crr

nun Hg. 

I 
2	 4 6 

P ,  "Hg A comparison of t h e  d a t a  with measurements of /95
t h e  plug length  by co lor ing  t h e  gas-discharge p i s t o n  

Figure 5. Dependence [ 4 ]  i n d i c a t e s  a coincidence (within t h e  l i m i t s  of t h e  
of "Plug" Width on measurement e r r o r s )  of t h e  r e s u l t s .  
I n i t i a l  Hydrogen Pres
s u r e .  From what has been s t a t e d  above, w e  can present  

t h e  p i c t u r e  ( see  Figure 5) of t h e  processes which take  
p lace  i n  e lectromagnet ic  shock tubes.  

The cur ren t  which flows i n  t h e  discharge chamber causes i n t e n s e  evaporation 
of t h e  e l e c t r o d e s  and w a l l s  of t h e  chamber, a s  w e l l  a s  hea t ing  and i o n i z a t i o n  
of t h e  i n v e s t i g a t e d  gas.  

This gas-discharge plasma is  acce lera ted  during t h e  a c t i o n  of electrodynam
i c  f o r c e s ,  being a unique p i s t o n ,  i n  f r o n t  of which a shock wave is  formed. A t  
s u f f i c i e n t l y  high i n i t i a l  gas pressures  i n  t h e  shock tube (1-7 mm Hg) a t  a d is 
tance  of 1 .5  m from t h e  discharge chamber, a plug of shock-heated gas is  formed, 
t h e  maximum e x t e n t  of which reaches 5 cm. The quest ion concerning t h e  applica
b i l i t y  of t h e  Rankine-Hugoniot r e l a t i o n s  f o r  c a l c u l a t i n g  t h e  thermodynamic para
m e t e r s  i n  t h i s  region of plasma is  complicated by t h e  i n t e n s e  i n t e r a c t i o n  on 
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it by the gas-discharge plasma. 
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MEASUREMENT OF TEMPERATURE AND DENSITY OF CHARGED PARTICLES 
OF AN ARGON PUSMA J E T  

G. P. Petrova 

The i n s t a l l a t i o n  wi th  which t h e  measurements w e r e  conducted i s  descr ibed i n  /96 
[l]. ?ho anode vers ions  of t h e  arc chamber w e r e  used i n  t h e  experiments. One 
w a s  made i n  t h e  f o r p  of a c o n i c a l  water-cooled copper nozzle  (Figure l a ) .  The 
s a m e  f i g u r e  shows a diagram of t h e  second diaphragm anode vers ion  (Figure l b ) .  
The diameter of t h e  diaphragm o u t l e t  i s  equal  t o  t h e  diameter of t h e  nozzle  
c r i t i ca l  c ross  s e c t i o n .  

Iwater 

w a t e r  

Figure 1. Two Anode 
Versions of A r c  Cham
ber .  (a)  anode made 
i n  form of conica l  
nozzle;  (b) s h o r t  an
ode, i n  form of dia
phragm. 

An arc j e t  of p a r t i a l l y  ion ized  argon w a s  inves
t i g a t e d .  The condi t ions w e r e  as follows: pressure  i n  
arc chamber 3 .7  a t m  (accuracy 1 .7%);  arc cur ren t  265 
amp (accuracy 5%);  vo l tage  i n  discharge gap 37 V (ac
curacy 7%). 

The dens i ty  of e l e c t r o n s  i n  t h e  plasma of t h e  ar
gon j e t  w a s  measured spec t roscopica l ly  on t h e  b a s i s  
of t h e  broadening of hydrogen l i n e s .  I n  order  t o  ob
t a i n  hydrogen l i n e s  i n  t h e  j e t  spectrum, a mixture of 
argon and hydrogen w a s  placed i n  a s e p a r a t e  cy l inder ,  
which w a s  then f e d  i n t o  t h e  arc chamber i n  t h e  form 
of a s l i g h t  admixture. The arc discharge w a s  prelim
i n a r i l y  i g n i t e d  i n  an atmosphere of pure argon. 

The j e t  s p e c t r a  w e r e  recorded with t h e  a i d  of an 
ISP-51 spectrograph on Agfa-Roth-Rapid s p e c t r a l  
p l a t e s .  The d ispers ion  of t h e  ISP-51 spectrograph 
wi th  an f = 270 nun camera amounted t o  40 A mm i n  t h e  
i n v e s t i g a t e d  range of wavelengths and t h e  width of t h e  
ins t rumenta l  func t ion  along t h e  narrowest l i n e s  i n  t h e  
j e t  spectrum w a s  approximately 0.2 1. The half-width 
of t h e  HB 

and H6 l i n e s ,  allowing f o r  Doppler expansion, 

amounted t o  ~ 0 . 2 5i.The s p e c t r a  of t h e  argon plasma 
je t  w e r e  recorded f o r  t h e  i n s t a l l a t i o n  condi t ions in
d i c a t e d  above. 

The half-widths of t h e  H
B 

l i n e s ,  which w e r e  measured on t h e  b a s i s  of j e t  

s p e c t r a  from var ious  experiments w i t h i n  t h e  limits of t h e  condi t ions  i n d i c a t e d  
above, d i f f e r  from each o t h e r  by no more than 4 % .  Figure 2 shows a t y p i c a l  out
l ine of a HB 

l i n e  p l o t t e d  by means of heterochromatic photometry of spectrograms 

obtained i n  t h e  case of an  arc chamber wi th  a c o n i c a l  nozzle.  For a comparison, 
Figure 3 shows t h e  o u t l i n e  of a H

B 
l i n e  f o r  a spectrum photographed under t h e  
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s a m e  condi t ions ,  b u t  f o r  the case when a diaphragm 
serves as t h e  anode of t h e  arc chamber, n o t  a noz
z l e .  As can b e  seen from a comparison of t h e  graphs 
i n  Figures  2 and 3, t h e  half-width of HB i n  t h e  case 

of t h e  diaphragm anode is  p r a c t i c a l l y  one order  
h igher  than  i n  t h e  case of t h e  nozzle  anode. 

A comparison of t h e  t h e o r e t i c a l  o u t l i n e s  of HB 
and H6 with experimental  o u t l i n e s  , which w a s  conduc

t e d  i n  [ 2 ] ,  i n d i c a t e d  t h a t  it is  n o t  necessary t o  
s tudy t h e i r  o u t l i n e s  i n  d e t a i l  t o  determine t h e  con
c e n t r a t i o n  of charged p a r t i c l e s ;  i t  i s  s u f f i c i e n t  t o  
compare t h e  experimental ly  found half-widths of H6and H6 with t h e  t h e o r e t i c a l  'ones. 

The d e n s i t y  of charged p a r t i c l e s  Ni w a s  deter-
Figure 2. Shape of H B mined by t h e  formula given i n  [ 3 ]  with t h e  e f f e c t  of 
Line. Spectrum Photo- t h e  e l e c t r o n s  taken i n t o  account: 
graphed on I n s t a l l a t i o n  
wi th  Nozzle. Half-Width 
of Line 3.62 1. 

6 hHere 6 w  -	- where 6A i s  t h e  experimentally /97
A 2  

-found half-width of a l ine;  Ni - Ne,  where Ne i s  
-

t h e  e l e c t r o n  dens i ty ;  Q i s  a c o e f f i c i e n t  which 
equals  10.5 f o r  HB 

and 25 f o r  H6. The va lues  of 

Ne f o r  t h e  diaphragm anode wi th  r e s p e c t  t o  t h e  

half-width of H
B 

are 2.1-1016, ~ m - ~ ,f o r  t h e  noz-

C I 1 I I z l e  anode wi th  r e s p e c t  t o  t h e  half-width of HB Y6 4 2 0 2 4 6 8 15 -31.43*1015, ~ m - ~ ,and 1.24010 , c m  with respec tFA,; 
3,Bzi S=ZZ,$ii t o  t h e  half-width of H6. It should be noted t h a t  

t h e s e  r e s u l t s  w e r e  obtained with t h e  a i d  of anFigure 3. Contour of HB o p t i c a l  system which provided average lumines-
Line. Spectrum .Obtained cence i n  t h e  p lane  of t h e  spectrograph s l i t .  
wi th  I n s t a l l a t i o n  with An
ode Diaphragm: Half-Width It i s  of interest  t o  estimate t h e  dens i ty  
of Line 22.9 A.  d i s t r i b u t i o n  of charged p a r t i c l e s  across  t h e  plas

ma j e t  i n  any of i t s  cross  s e c t i o n s .  I n  t h i s  
case t h e  image of t h e  j e t  i s  pro jec ted  onto t h e  s l i t  of t h e  spectrograph. The 
s l i t  c u t s  of f  a p o r t i o n  of t h e  image which corresponds t o  t h e  c ross  s e c t i o n  of 
the j e t  l o c a t e d  a t  a d i s t a n c e  of 1.5-2 mm from t h e  nozz le  exit .  The hydrogen 
l i n e s  obtained i n  t h e  spectrum, and t h e  HB l i n e s  i n  p a r t i c u l a r ,  have an in ten

s i t y  and width which are v a r i a b l e  along t h e  l i n e ,  maximum i n  t h e  center  of t h e  
l ine,  and decreasing toward t h e  edges. 
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- 0  

0.55 A 

Figure 4 .  *B Contours 'lottedfor 

Various Points  Along t h e  Line i n  a 
Direc t ion  from t h e  Center t o  t h e  
Edge. Corresponding Haif-Widths 
A r e  Equal to :  (1) 3.42 A; (2) 3.08; 
(3) 3.30; (4) 3.19; ( 5 )  3.19; (6) 
2.20. 

Figure 4 i l l u s t r a t e s  t h e  o u t l i n e s  of 
H constructed f o r  h a l f  of t h e  l ine i n  a8 
d i r e c t i o n  from t h e  center  t o  the edge. 
S i m i l a r  curves w e r e  der ived f o r  t h e  o t h e r  
h a l f  of t h e  l i n e .  On t h e  b a s i s  of t h e  
half-widths of H8 determined from t h e s e  

o u t l i n e s  , t h e  d i s t r i b u t i o n  of t h e  i n t e g r a l  
dens i ty  of e l e c t r o n s  i s  p l o t t e d  i n  t h e  
given cross  s e c t i o n  of t h e  plasma je t  with 
respect t o  i t s  diameter (Figure 5). The 
x-axis on t h i s  graph is  d i r e c t e d  along t h e  
spectrograph sl i t  perpendicular  t o  t h e  ax
is of t h e  o p t i c a l  system and t h e  axis of 
symmetry of t h e  arc jet .  Inasmuch as a 
d e t a i l e d  examination of t h e  i n v e s t i g a t e d  
spectrum of t h e  j e t  i n d i c a t e s  t h a t  t h e  
argon and hydrogen l i n e s  are t h e  most in
t e n s e  l i n e s  i n  t h e  spectrum, t h e  tempera
t u r e  of t h e  arc j e t  may b e  considered as 
t h e  temperature of a mixture of argon and 
hydrogen with respec t  t o  t h e  e l e c t r o n  den
s i t y  known i n  i t .  According t o  t h e  condi
t i o n s  of t h e  experiment, t h e  f i n a l  compo
s i t i o n  of t h e  working gas i n  t h e  arc a f t e r  
feeding t h e  mixture of argon and hydrogen /98 
w a s  t h e  following: 98.5% A r  + 1.5% H2. 

Taking i n t o  account t h a t  a l l  H2 molecules 

d i s s o c i a t e  a t  T > 5,000°K, a system of 
equat ions of chemical equi l ibr ium can be writ ten,  
taking i n t o  account d i s s o c i a t i o n  and i o n i z a t i o n  f o r  
t h e  mixture i n d i c a t e d  above: 

K p  ( l I + )  
Z,IH+ =0,025 ___ 

K,(Ar+) 
P o 

e f f e c t i v e  m a s s  l a w  (1) 

f," I Z,XM =___
'P 

Figure 5. D i s t r i b u t i o n  
of I n t e g r a l  E lec t ron  
Density with Respect t o  +xH+=z,; charge conservat ion l a w  (2) 
Cross-Sectional D i a m e -
ter of Jet. o r  

(3) 
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W e  ob ta in  t h e  fol lowing equat ion f o r  c a l c u l a t i n g  temperature:  

( 4 )  

where Ne are t h e  experimental  va lues  of e l e c t r o n  dens i ty ;  xe' xH+, and xA r+ are 

the  molar f r a c t i o n s  of e l e c t r o n s ,  hydrogen ions ,  and argon ions'. The calcula
t i o n  formulas f o r  t h e  equi l ibr ium cons tan ts  w e r e  taken from [ 4 ] :  

Inasmuch as t h e  j e t  flowed i n t o  t h e  atmosphere, t h e  p re s su re  w a s  maintained 
equal  t o  1 a t m .  

The temperatures computed with equat ion ( 4 )  f o r  t h e  e l e c t r o n  d e n s i t i e s  ta
ken from the  graph i n  Figure 5 make i t  poss ib l e ,  i n  t u r n ,  t o  estimate t h e  char
a c t e r  of t h e  d i s t r i b u t i o n  of t he  i n t e g r a l  temperature i n  t h e  given cross  s e c t i o n  
of t h e  jet. The corresponding curve i s  shown i n  Figure 6 by t h e  dot ted  line. 

T.'K 

Figure 6. Temperature D i s 
t r i b u t i o n  i n  Jet Cross Sec
t ion .  (1) i n t e g r a l  temper
a t u r e  d i s t r i b u t i o n ;  x = 
d i s t ance  from axis of sym
metry of source;  (2) r a d i a l  
temperature d i s t r i b u t i o n ;  
r = rad ius .  

It should be  noted t h a t  t h e  temperature de
termined with r e spec t  t o  N e f o r  t h e  diaphragm an

ode case amounts t o  10,850"K. I n  order  t o  esti
mate the  accuracy of t h i s  temperature determina
t i o n ,  t h e  r e s u l t s  obtained w e r e  compared wi th  t h e  
r e s u l t s  of measuring t h e  temperature by t h e  meth
od of relative i n t e n s i t i e s  of s p e c t r a l  l i n e s .  

The temperature w a s  determined with respec t  
t o  the  relative i n t e n s i t y  of copper l i n g s  with 
wavelengths of 5105 1, 5218 1 and 5782 A under 
the  condi t ion  t h a t  t he  s e l e c t e d  l i n e s  are not  re-
absorbed. As w a s  i nd ica t ed  by an experimental  
checkowith r e spec t  t o  l i n e s  wi th  wavelengths 
5153 A and 5218 1 , w i t h  i d e n t i c a l  e x c i t a t i o n  poten
t i a l s ,  t h e r e  i s  no reabsorptbon. .  The spec t ro
grams w e r e  processed by t h e  usua l  procedure of 
heterochromatic  photometry. The r a d i a l  tempera
t u r e  d i s t r i b u t i o n  i n  t h e  s a m e  c ross  s e c t i o n  of 
t he  j e t  and f o r  t h e  s a m e  opera t ing  condi t ions w a s  
found with t h e  a i d  of Pierce c o e f f i c i e n t s  [ 5 ] ,  as 
i n  t h e  method of broadening of s p e c t r a l  l i n e s  de

sc r ibed  above. The obtained r a d i a l  temperature d i s t r i b u t i o n  i n  t h e  je t  c ross  /99
s e c t i o n  i s  shown i n  Figure 6 by t h e  s o l i d  l i n e .  
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As can be  seen from t h i s  graph, a temperature drop appeared on t h e  j e t  
axis, which w a s  no t  observed when determining t h e  temperature w i t h  r e spec t  t o  
broadening of t h e  HB l i n e .  

The r e s u l t s  obtained by both methods, however, do n o t  con t r ad ic t  each o the r .  
By p l o t t i n g  t h e  H

B 
o u t l i n e s  a t  var ious  po in t s  along t h e  s p e c t r a l  l i n e ,  w e  do no t  

ob ta in  its t r u e  o u t l i n e s ,  which correspond t o  t h e  s p e c i f i c  temperature i n  t h e  
je t ,  b u t  c e r t a i n  i n t e g r a l  ou t l i nes .  Since t h e  j e t  i s  assumed t o  be a x i a l l y  sym
m e t r i c a l ,  t he se  o u t l i n e s  are obtained by averaging with r e spec t  t o  var ious  cir
c u l a r  regions i n  t h e  j e t  c ross  sec t ion ,  which has t h e  shape of a d isk .  Densi
ties are crea ted  a t  t h e  ends of t h e  l i n e  by t h e  emission of t h e  edge por t ions  of 
t he  jet .  I n  t h i s  case t h e  l i n e  contour i s  p r a c t i c a l l y  und i s to r t ed ,  and h e r e  
both methods provide an approximately i d e n t i c a l  temperature.  

For t h e  c e n t r a l  s e c t i o n s  of t he  s p e c t r a l  l i n e ,  the  half-widths of i ts in t e 
g r a l  o u t l i n e s  w i l l  be  determined b a s i c a l l y  by t h e  c e n t r a l  regions of t h e  j e t  
with the  h ighes t  temperature.  It is obvious t h a t  t h e  pe r iphe ra l  regions do no t  
e f f e c t  t h e  width of t h e  i n t e g r a l  o u t l i n e s  upon summation of t he  emission from 
separate por t ions  of t he  j e t  c ross  sec t ion ;  however, t h e  i n t e n s i t y  i n  t h e i r  cen
ter inc reases  somewhat. Due t o  t h i s ,  t h e  half-width of t h e  o u t l i n e s  decreases ,  
and consequently , t he  measured temperature a l s o  decreases.  

Hence, i t  becomes c l e a r  why the  d i s t r i b u t i o n  curve of i n t e g r a l  temperature 
i n  the  given j e t  c ross  s e c t i o n ,  determined by t h e  broadening method, proceeds 
almost h o r i z o n t a l l y  towards t h e  x-axis and does not  have a d ip  on t h e  axis of 
symmetry of t h e  source.  

Thus, both methods of determining t h e  temperature of t h e  arc j e t  ( the  O m -
s t e i n  method and t h e  method of hydrogen l i n e  broadening) y i e l d  r e s u l t s  which 
coincide wi th in  t h e  limits of t he  experimental  e r r o r s .  The conclusion then f o l 
lows t h a t  two such important parameters of a plasma je t ,  as temperature and elec
t r o n  dens i ty ,  can be determined with s u f f i c i e n t  r e l i a b i l i t y .  1100 

A comparison of t he  r e s u l t s  of measuring T and N e  f o r  t h e  two anode vers ions  

of t h e  a r c  chamber, <.e.,  t h e  diaphragm anode and the  nozzle  anode, i n d i c a t e s  
t h a t  the  a r c  j e t  which flows i n t o  t h e  atmosphere from t h e  con ica l  nozz le  has a 
lower temperature and e l e c t r o n  dens i ty  i n  i t  one order  lower than f o r  t h e  j e t  
which i s  formed i n  t h e  s h o r t  diaphragm anode. 
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JET OUTFLOW OF METALLIC PLASMA INTO A VACUUM 

E. K. Chekalin and V. S. Shumanov 

The n e c e s s i t y  f o r  t h e  product ion and p r a c t i c a l  a p p l i c a t i o n  of high-temperaj lol  
t u r e  hypersonic flows of m e t a l l i c  plasma having increased electrical  conductivi
t y  a r o s e  i n  connection wi th  t h e  i n t e n s i v e  development of contemporary engineer
ing. A t  p resent ,  much i n t e r e s t  i s  devoted t o  aerodynamic i n v e s t i g a t i o n s  i n  t h e  
flow of such plasma and t h e  s tudy of t h e  i n t e r a c t i o n  between metal l ic  plasma 
and a s o l i d .  For d e t a i l e d  s t u d i e s ,  i t  i s  d e s i r a b l e  t o  use uniform and s t a b l e  
plasma flows with w e l l  monitored parameters:  e . g . ,  temperature,  dens i ty ,  pres
s u r e ,  composition, etc. For t h e  purpose ind ica ted ,  s teady plasma je ts  i n  plas
matrons are widely used. 

However, a number of d i f f i c u l t i e s  arise i n  t h e  i n v e s t i g a t i o n  of such flows 
and during measurement of t h e  plasma j e t  parameters. 

I n  connection with t h i s ,  t h e  pulse  method of producing metal l ic  plasma 
flows i n  a vacuum acqui res  much i n t e r e s t .  Evaporation of t h e  e l e c t r o d e  material 
i n  a p r e c i s i o n  p u l s e  discharge with subsequent electrodynamic a c c e l e r a t i o n  of 
the  plasma which i s  formed i s  used t o  produce t h e  flow of m e t a l l i c  plasma. 

The average t i m e  pa rame te r s  of a plasma flow of a l k a l i  m e t a l  i n  a vacuum 
have been determined i n  experiments. 

A diagram of t h e  experimental  se tup  is i l l u s t r a t e d  i n  Figure 1. Metallic 
plasma w a s  formed i n  a plasma gun placed i n  t h e  lower s e c t i o n  of t h e  g l a s s  tube.  
The plasma gun cons is ted  of a s h o r t  a lka l i -meta l  c e n t r a l  e l e c t r o d e  2 and-a  cop
per  c y l i n d r i c a l  e l e c t r o d e  wi th  an a p e r t u r e  a t  t h e  top 3. Ebonite w a s  used as 
an i n s u l a t o r  between t h e  gun's e l e c t r o d e s .  

w a s  250 mm, and i t s  diameter w a s  90 mm. A vacuum of approximately 2.10 mm Hg 

The he ight  of t h e  e x t e r i o r  e l e c t r o d e  
-5 

w a s  c rea ted  i n s i d e  t h e  g l a s s  tube which had a diameter of 10 cm and a length of 
200 cm. 

An e l e c t r i c a l  breakdown occurred i n s i d e  t h e  plasma gun along t h e  i n s u l a t o r  
s u r f a c e  a f t e r  i n i t i a t i o n  of t h e  a i r  spark gap I by t h e  t r i g g e r i n g  pulse  12  from 
t h e  panel  of t h e  UPR ultrahigh-speed photorecorder.  

The plasma formed during t h e  discharge i n  t h e  process of evaporation and 
eros ion  of t h e  c e n t r a l  e l e c t r o d e  w a s  a c c e l e r a t e d  by electromagnet ic  f o r c e s ,  and 
moved upward toward t h e  plasma gun, s i m i l a r  t o  t h e  plasma i n  a c o a x i a l  accelera
t o r  Ell. 

Having reached t h e  upper s e c t i o n  of t h e  gun, t h e  plasma w a s  i n j e c t e d  i n t o  
t h e  vacuum chamber through a p e r t u r e  3. 

The i n i t i a l  v o l t a g e  of t h e  capac i tor  bank w a s  30 kV with a t o t a l  capaci
tance of 45 uF. The maximum discharge c u r r e n t ,  measured by a Rogowski loop, / l o 2  
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Figure 1. Diagram of Setup. (1) 
air  spark gap; (2) e l e c t r o d e ;  (3) 
e x t e r i o r  e l e c t r o d e  wi th  a p e r t u r e ;  
(4) UPR; (5) ISP-51 spectrograph; 
(6) lens ;  (7) UM-2 monochromator 
wi th  photomul t ip l ie r  (FEU-17A); 
(8) FEU-19M i n t e g r a l  (with respec t  
t o  wavelengths) photomul t ip l ie r ;  
(9) thermocouple t ransducer ;  (10) 
Rogowski loop; (11) pulse  vol tage  
d iv ider ;  (12) s ta r t  from UPR pan
e l ;  (V) t o  vacuum pump; (�5) pow
er supply; (S) s t a r t i n g  s i g n a l  
s e n t  t o  osc i l lograph .  

see i n  Figure 3 t h a t  outflow i n  t h e  

reached 250 kA. The discharge frequency 
w a s  30 kHz. This  matched t h e  o v e r a l l  induc
tance  of t h e  discharge c i r c u i t  of approxi

mately 0.64.1016 H. 

I n  experiments c a r r i e d  out  w i t h  t h e  
UPR ultrahigh-speed camera, motion-pic
t u r e  frames of t h e  plasma outflow i n t o  a 
vacuum w e r e  recorded from a gun a p e r t u r e  
having a diameter of 30 mm (Figure 2 ) .  

The frames i n  Figure 2 should b e  
viewed from top t o  bottom, and t h e  columns 
from l e f t  t o  r i g h t .  This w i l l  correspond 
t o  t h e  d i r e c t i o n  of time [clockwise].  Fig
u r e  2 c l e a r l y  d e p i c t s  t h e  p e r i o d i c  s t ruc
t u r e  of plasma outflow corresponding t o  
t h e  v i b r a t i o n a l  c h a r a c t e r  of t h e  discharge.  
The presence of a b r i g h t  reg ion  of lumines
cence c l o s e  t o  t h e  a p e r t u r e  and t h e  rap id  
decrease of luminescence as t h e  plasma 
flow expands i s  a p e c u l i a r i t y  of t h e  plas
m a  outflow process .  W e  c l e a r l y  see t h a t  
t h e  plasma flow expands very quick ly ,  and 
t h e  plasma 100 mm from t h e  a p e r t u r e  t o t a l 
l y  f i l l s  t h e  c r o s s  s e c t i o n  of t h e  g l a s s  
tube. 

Figure 3 i l l u s t r a t e s  a photographic 
scanning recorded by t h e  UPR camera. I n  
t h e  scanning, t h e  v e l o c i t y  of t h e  leading 
edge of plasma flow luminescence c l o s e  t o  
t h e  plasma gun w a s  measured. It w a s  ap
proximately 30 +- 2 km/sec. 

It should be noted t h a t  t h e  v e l o c i t y  
of t h e  lead ing  edge of plasma flow lumines
cence w i t h i n  t h e  limits of measurement er
r o r s  d i d  n o t  depend on t h e  diameter of t h e  
a p e r t u r e  i n  t h e  e x t e r i o r  e l e c t r o d e .  W e  

f irst  half-per iod of t h e  discharge i s  char
a c t e r i z e d  by disordered plasma e j e c t i o n s  wi th  a d i f f u s e d  leading edge of lumines
cence. The g r e a t e s t  outflow v e l o c i t i e s  correspond t o  t h e  f i r s t  plasma e j e c t i o n s .  
Plasma outflow is s t a b l e  and t h e  leading edge of plasma luminescence has a sharp 
boundary i n  subsequent discharge half-per iods as a consequence of t h e  plasma g u n m  
being f i l l e d  with gas.  

For an explanat ion of t h e  p e c u l i a r i t i e s  of plasma formation i n  t h e  i n i t i a l  
s t a g e  of breakdown, t h e  UPR camera w a s  used t o  record ul t rahigh-speed,  f i lms  of 
t h e  electrical  breakdown process .  The f i lming  w a s  conducted from above along 
t h e  a x i s  of t h e  plasma gun with t h e  upper cover of t h e  e x t e r i o r  e l e c t r o d e  re
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Figure 2. Ultrahigh-speed Filming of Process of Plasma Outflow 
i n t o  a Vacuum. (2 p s e c  t i m e  i n t e r v a l  between adjacent  frames). 

moved . I n  Figure 4 ,  t h e  i n i t i a l  moment of breakdown i s  seen as  a l u m i nLous plas
m a  column t h a t  expands i n  t i m e .  Such a plasma column w a s  no t  observed i n  subse
quent per iods.  The b r i g h t  ha lo  around t h e  edges of each frame i n  Figur'e 4 oc
c u r r ed as a consequence of l i g h t  r e f l e c t i o n  from t h e  inner  s u r f a c e  of t:he g l a s s  
tube.  The presence of a plasma column i n  t h e  i n i t i a l  s t a g e  apparent ly  explains  
t h e  s t rong nonuniformity of plasma flow i n  t h e  f i r s t  half-period of d i s:charge. 

4
I 

Figure 3 .  Photographic Scanning of Plasma Outflow i n t o  a Vacuum. 

The parameters of t h e  plasma flow w e r e  i n v e s t i g a t e d  i n  t h e  upper p a r t  of 
t h e  g l a s s  tube.  H e r e ,  t h e  plasma w a s  more uniform, and t h e  discharge c u r r e n t  i n  
t h e  plasma w a s  i n s i g n i f i c a n t  as a r e s u l t  of a t tenuat ion .  

One of t h e  important c h a r a c t e r i s t i c s  of plasma flow is  t h e  plasma's spec
tral  composition. During an  a n a l y s i s  of t h e  plasma emission spectrum, w e  i d e n t i 
f i e d  t h r e e  l i n e s  of t h e  a l k a l i  m e t a l  which w e  used, two l i n e s  of hydrogen (Ha /104 
and He) and two l ines  of copper and sodium i n  t h e  v i s i b l e  region. The hydrogen, 
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Figure 4 .  Ultrahigh-speed Film
ing  of Metallic Plasma Formation 
Process i n  Plasma Gun. ( 1  psec 
t i m e  i n t e r v a l  between ad jacent  
frames). 

copper and sodium are admixtures of t h e  
i n s u l a t o r ,  e l e c t r o d e ,  and g l a s s  tube ma
terials.  S p e c t r a l  i n v e s t i g a t i o n s  of plas
m a  emission w e r e  c a r r i e d  out  with a three-
prism g l a s s  spectrograph (ISP-51) which 
w a s  placed both i n  t h e  c e n t e r  and upper 
region of t h e  tube. I n  both cases, t h e  
s p e c t r a l  composition of t h e  plasma proved 
t o  b e  i d e n t i c a l .  

Figures  5 and 6 i l l u s t r a t e  o s c i l l o 
grams which show t h e  luminescence in ten
s i t y  of i n d i v i d u a l  s p e c t r a l  l i n e s  of 
plasma emission recorded by t h e  UM-2 mo
nochromator and FEU-17A photomul t ip l ie r  
(see Figure 1, 7 and 8). Figures  5 and 
6 a l s o  i l l u s t r a t e  osci l lograms of i n t e 
g r a l  (with r e s p e c t  t o  wavelengths) plas
m a  luminescence recorded by a FEU-19M 
m u l t i p l i e r  ( see  Figure 1, 8*) .  Signals  
from t h e  FEU-17A and FEU-19M photomulti
p l i e r s  w e r e  simultaneously fed  i n t o  t h e  
OK-17M double osc i l lograph .  To avoid 
electromagqet ic  pickup, t h e  photoelec
t r i c  and e lectr ic  recording apparatus  

w a s  thoroughly shielded by soft-magnetic i r o n .  

From an  a n a l y s i s  of t h e  oscil lograms ( s e e  Figures  5 and 6 ) ,  w e  conclude 
t h a t  t h e  plasma flow c o n s i s t s  of s e p a r a t e  c l u s t e r s  which correspond t o  p e r i o d i c  
plasma e j e c t i o n s  from t h e  plasma gun. The o v e r a l l  dura t ion  of plasma flow w a s  
100 p s e c .  

The average speed of t h e  leading 
edge of plasma luminescence i n  a 180 
c m  s e c t i o n  w a s  c a l c u l a t e d  from t h e  os
ci l lograms (see  Figures  5 and 6)  with 
r e s p e c t  t o  t i m e  l a g s  of t h e  leading 
edge of plasma luminescence relative 
t o  t h e  beginning of scanning, corre
sponding t o  t h e  moment of e lectr ical  
breakdown i n  t h e  gun. The average 
speed w a s  25 2 2 km/sec. This d i f 
f e r s  i n s i g n i f i c a n t l y  from t h e  corre
sponding speed of t h e  luminous plasma’ 
f r o n t  near  t h e  gun. Thus, w e  conclude 
t h a t  a t t e n u a t i o n  of t h e  plasma veloc
i t y  along t h e  tube w a s  no t  g r e a t .  

b 1 . .  - I  & 

0 100 Z O ~  t, vsec To estimate some mean t i m e  para- /IO5 
Figure 5.  Oscillograms of t h e  E m i s - meters of t h e  plasma, w e  used two cop
s i o n  of an  A l k a l i  Metal Line I and p e r - f o i l  thermocouple t ransdukers .  
I n t e g r a l  (with Xespect t o  Wavelengths) They were f l a t  square p l a t e s  60 l.~ 
Emission of P l a s m a  F l o w I C .  
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t h i c k  and had an area of 1 

cm 2. A thermocouple (cop
per-constantan junc t ion)  
w a s  soldered t o  each p l a t e .  

The p l a t e s  of t h e  
thermocouple t ransducers  
w e r e  fas tened t o  t h e  ther
mocouple w i r e s  near  t h e  ax
is  of t h e  g l a s s  tube.  I n  
view of t h e  s m a l l  diameter 
of t h e  w i r e s  (@0.1 mm) , 
t h e  h e a t  l o s s e s  of t h e  
t ransducer  i n  t h e  measure
ment process  w e r e  r a t h e r  
s m a l l .  One of t h e  thermo

1 _ _  .- - 1 .. - I c couple t ransducers  w a s.o 700 200 t ,psec placed perpendicular  t o  
Figure 6. Oscillograms of Emission of a Hydrogen t h e  plasma flow, and t h e  
Line IHa ( A  = 6562.8 8) and I n t e g r a l  (with R e s p e c t  o t h e r  was placed p a r a l l e l  

t o  Wavelengths) Emission of Plasma Flow IC. t o  t h e  flow (Figure 1, 9 ) .  

L e t  us examine a case  i n  which t h e  plasma c o n s i s t s  of s i n g l y  charged ions 
and e l e c t r o n s  i n  thermodynamic equilibrium. 

The amount of h e a t  recorded by t h e  t ransducer  placed p a r a l l e l  t o  t h e  plasma 
flow i n  t h i s  case can be w r i t t e n  as 

where k i s  t h e  Boltzmann cons tan t ;  T. is  t h e  average temperature of t h e  plasma
2 

flow i n  OK, (Te = T.);E
1 

i s  t h e  amount of h e a t  energy re leased  during recombi
2 

n a t i o n  i n  t h e  s i n g l y  ionized plasma, condensation, hardening and cooling of t h e  
metal  on t h e  cold thermocouple t ransducer  sur face ,  r e f e r r e d  t o  one p a r t i c l e ,  i n  
J; w i s  t h e  v e l o c i t y  of plasma flow i n  cm/sec; mi is  t h e  i o n  m a s s  i n  g ;  N. is

2 

t h e  t o t a l  number of ions  which have s t r u c k  t h e  s u r f a c e  of t h e  thermocouple t rans
ducer i n  t h e  t i m e  T (Ne = Ni). 

From s t a t i s t i ca l  physics,  w e  know t h a t  

where i is  t h e  mean concentrat ion of ions i n  t h e  plasma flow i n  particles/cm’;-
T i s  t h e  dura t ion  of plasma flow i n  sec; ui is  t h e  a r i t h m e t i c  mean v e l o c i t y  of 

ions  i n  t h e  plasma flow, i n  cm/sec, which i s  expressed as follows: 
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Fina l ly ,  w e  o b t a i n  

The amount of h e a t  recorded by t h e  thermocouple t ransducer  placed perpen
d i c u l a r  t o  t h e  plasma flow can thus  b e  w r i t t e n :  

-E; =(+m w2 +3kTi +E,)  ~&WL 
(5) 

Solving equat ions (4) and (5) c o l l e c t i v e l y ,  and using t h e  experimental  

d a t a  w = 19 f .2 h / s e c ,  T = 100 psec, E; =-0.30 J / c m  2 and E; = 0.065 J / c m  2 , w e  

est imated t h a t  z-. w a s  equal  t o  4.0-1014 par t ic les /cm 3 , and t h a t  t h e  mean temper

a t u r e  of plasma L o w  w a s  Ti = (19 2 5 1 . 1 0 ~OK. 

From t h e  equat ion of state,  

t h 6  average p r e s s u r e  i n  t h e  plasma flow w a s  determined t o  b e  1.6 mm Hg. 

0 J O O  z 00 

Figure 7. Oscillograms of Heat Transfer  
from Plasma t o  Incandescent Tantalum 
F o i l  Q and of I n t e g r a l  Emission of Plas
m a  Flow IC. 

This method of es t imat ing  t h e  
plasma parameters i s  v a l i d  only un
der  the condi t ion  of a b s o l u t e l y  in
elastic shock of t h e  plasma p a r t i 
cles a g a i n s t  t h e  s u r f a c e  of t h e  
thermocouple t ransducers .  A s  it  
w a s  shown i n  s p e c i a l  experiments 
wi th  a b a l l i s t i c  pendulum, a l a r g e  
p a r t  of t h e  metal l ic  plasma w a s  con
densed on t h e  cold s u r f a c e  of t h e  
s o l i d .  P a r t i a l  r e f l e c t i o n  of m e t a l 
l i c  plasma from t h e  s u r f a c e  of t h e  
thermocouple t ransducers  does n o t  
in t roduce  s e r i o u s  e r r o r s  i n t o  t h e  
es t imat ion  of t h e  plasma parameters. 

It w a s  f u r t h e r  necessary t o  
demonstrate t h e  v a l i d i t y  of averag
i n g  t h e  plasma parameters i n  an 100 
usec i n t e r v a l .  

For t h i s ,  w e  recorded t h e  time-resolved process  of h e a t  t r a n s f e r  from t h e  
plasma flow t o  t h e  s o l i d  w a l l  (Figure 7) .  We used a p h o t o e l e c t r i c  method t o  re
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Figure 8. Ultrahigh-speed Filming of a Plasma Flow 
Around a F l a t  Wedge, (4 psec t i m e  i n t e r v a l  between 
ad jacent  frames. Di rec t ion  of plasma flow from 
l e f t  t o  r i g h t ) .  

cord i n t e n s i t y  changes of t h e  incandescent meta l l ic  f o i l ' s  emission as a c o n s e - u  
quence of h e a t  t r a n s f e r  t o  i t  from t h e  flow [ Z ] .  An incandescent tantalum f o i l  
10 p t h i c k  a t  a temperature of approximately 1,300"K-was placed perpendicular  t o  
t h e  flow. I n t e r p r e t a t i o n  of t h e  oscil lograms (see Figure 7) permit ted us t o  
e s t a b l i s h  t h a t  t h e  h e a t  flow from t h e  plasma lasts f o r  100 psec, which corre
sponds t o  t h e  plasma luminescence recorded by t h e  i n t e g r a l  photomul t ip l ie r .  

Thus, t h e  averaging of plasma parameters i n  an 100 psec i n t e r v a l  is com
p l e t e l y  va l ida ted .  Experimentally,  t h e  measured mean q u a n t i t i e s  of t h e  plasma 
f low's  parameters must b e  c l o s e  t o  t r u e .  

Figure 8 i l l u s t r a t e s  ultrahigh-speed photographs of t h e  flow around a f I a t I l 0 8  
wedge by m e t a l l i c  plasma. This i l l u s t r a t i o n  can serve as an  example of p o s s i b l e  
aerodynamic i n v e s t i g a t i o n s  i n  a pulsed plasma flow. 

The r e s u l t s  of i n v e s t i g a t i o n s  of t h e  outflow of metal l ic  plasma i n t o  a vac
uum i n d i c a t e  t h a t  such plasma je t s  can b e  used t o  study h e a t  t r a n s f e r  from a 
plasma flow t o  a s o l i d  w a l l ,  and f o r  var ious  aerodynamic i n v e s t i g a t i o n s  i n  plas
ma.  
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ELECTRICAL EXPLOSION OF WIRE IN AIR AND IN A VACUUM 

E. K. Chekalin and V. S. Shumanov 


Introduction / l o 9  

The study of the properties of a moving plasma in a number of exceptional

ly important scientific problems has stimulated significant interest in physi

cal investigations of the state of matter at high temperatures and the require

ments of technology with regard to the production and practical use of high-tem

perature gases. 


Research on the motion of a dense plasma is of particular interest in con

nection with this. An electrical explosion of thin metallic wires by a pulsed 

capacitor discharge is a convenient means of obtaining a dense high-temperature 

plasma. In addition, there is the possibility of investigating little-known 

properties of matter at high temperatures and pressures. 


The phenomenon of wire explosion in various gaseous media has been studied 
rather well at the present time [ 3 ] .  Meanwhile, the explosion of wire in a va
cuum has prompted a great deal of interest. The results of such investigations 
may be useful when conducting aerodynamic experiments in a plasma flow. There 
is practically no detailed information on wire explosion in a vacuum in the cur
rent literature [l, 41. 

This article presents the results of experiments with an electrical explo

sion of a copper wire in air and in a vacuum, which made it possible to detect 

essential distinctions between the explosion processes in a gaseous medium and 

in a vacuum. The work also presents spectroscopic investigations of time-re

solved plasma emission and also the volt-ampere characteristics of the discharge 

at the initial stage of the explosion. 


The article concludes with a presentation of the results of experiments 

concerned with a study of the process of expansion of a plasma cloud in a vacu

um and the results of measuring certain plasma parameters. 


Experimental Setup
~~ 

Figure 1 shows a diagram of the experimental setup. The discharge loop 

consisted of a condenser bank, power buses, a discharger with an ignition sys

tem, a coaxial current-conductor, and the wire under investigation. 


A bank of 45 vF condensers was used in the experiments; the bank was 
charged to a voltage of 22-30 k V  so that the energy stored in the condenser 
bank amounted to 11-20 kJ. The maximum discharge current reached 150 kA. The 
discharge period was equal to 43 vsec. 
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Figure 1. I n s t a l l a t i o n  Diagram. (1) 
system f o r  measuring momentum and en
ergy of plasma; B. P. = b a l l i s t i c  
pendulum- ca lor imeter  ; (2 ) Rogows k i  
loop; (3) pu lse  vol tage  d i v i d e r ;  (4) 
a i r  discharger;  (5) en t rance  s l i t ;  
(6) r o t a t i n g  mir ror  of UPR camera; 
(7 )  s t a t i o n a r y  mirror .  

The commutating device w a s  an air-
cont ro l led  d ischarger  which w a s  pulse-
ac tua ted  from t h e  c o n t r o l  panel  of an 
ultrahigh-speed photorecorder (UPR) . 

The w i r e  t o  b e  i n v e s t i g a t e d  w a s  1110 
a t tached  i n s i d e  a vacuum chamber by 
means of two clamps, one of which w a s  
placed on a high-voltage e l e c t r o d e  in
s e r t e d  i n t o  t h e  vacuum chamber from be
low. The m a i n  experiments i n  t h e  
vacuum w e r e  conducted with a copper 
w i r e  0.31 inm i n  diameter and 85 mm i n  
length.  

The vacuum chamber w a s  made from 
s t a i n l e s s  s teel  i n  t h e  shape of a cyl
i n d e r  with an i n t e r n a l  diameter of 430 
mm and a h e i g h t  of 700 mm. Vacuum-
s e a l e d  windows w e r e  f a b r i c a t e d  on the 
lateral  sur face .  The chamber of a bal
l i s t i c  pendulum-calorimeter with a 
system f o r  measuring t h e  energy and 

momentum of t h e  plasma formed during t h e  w i r e  explosion w a s  a t tached  to-one  of 
t h e  windows and t h e  o t h e r  window served f o r  spec t roscopic  i n v e s t i g a t i o n s  and 
high-speed motion-picture photography of t h e  process  of w i r e  explosion. 

The vacuum system of t h e  i n s t a l l a t i o n  cons is ted  of a VA-2-3 vacuum uni t  and 

a VN-1 f o r e  pump which provided a vacuum of 3-10-5 mm Hg i n s i d e  t h e  vacuum cham
ber .  

Experimental Procedure Equipment Used 

The discharge c u r r e n t  w a s  measured with a Rogowski loop, while  t h e  pulsed 
vol tage  i n  t h e  w i r e  w a s  measured with a vol tage  d iv ider .  Double pulsed o s c i l l o 
graphs OK-17 M and OK-21 wi th  s l a v e  sweep w e r e  used t o  record t h e  w i r e  explosion 
process.  The osc i l lographs  w e r e  t r i g g e r e d  by a s i g n a l  from t h e  UPR panel.  U1
trahigh-speed motion-picture photography of t h e  process  of electrical  w i r e  explo
s i o n  w a s  conducted by means of a UPR camera which opera tes  i n  photorecorder and 
time-magnification modes. 

An ISP-51 three-prism g l a s s  spectrograph with a camera t h a t  had a f o c a l  
l e n g t h  of f = 27'0 mm w a s  used f o r  spec t roscopic  i n v e s t i g a t i o n s .  

The time-resolved emission spectrum of t h e  plasma w a s  i n v e s t i g a t e d  with a 
UPR camera combined with an ISP-51 spectrograph (see Figure 1). The l i g h t  from 
t h e  exploding w i r e  en te red  t h e  l i m i t i n g  h o r i z o n t a l  s l i t  5 loca ted  i n  t h e  f o c a l  
p lane  of t h e  o p t i c a l  system of t h e  WR camera. The image of t h i s  s l i t  w a s  re
f l e c t e d  from t h e  r o t a t i n g  mir ror  6 of t h e  UPR camera and mir ror  7, and then en- ./I11 
t e r e d  t h e  en t rance  s l i t  of t h e  ISP-51 spectrograph. The h o r i z o n t a l  image of 
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sli t  5, which is bounded by t h e  l i g h t  f l u x  from the .p lasma,  s h i f t e d  when mir ror  
6 was r o t a t e d  wi th  a given l i n e a r  v e l o c i t y  a long t h e  vertical  s l i t  of t h e  spec
t rograph.  Time scanning of t h e  spectrum, t h e  geometric s i z e  of which wi th  re
gard t o  he igh t  corresponded t o  t h e  he igh t  of t h e  en t rance  s l i t  of t h e  spectro
graph, w a s  obtained on t h e  photographic p l a t e  of t h e  spectrograph.  T i m e  resolu
t i o n  amounted t o  2 vsec. 

The image of t h e  central p o r t i o n  of t he  w i r e  w a s  focused on t h e  spectrograph 
sl i t  i n  t h e  experiments.  

To measure t h e  momentum and energy of the  plasma which forms during t h e  
w i r e  explosion,  a b a l l i s t i c  pendulum-calorimeter (B. P., Figure 1 )  w a s  used. 
The ca lor imeter  w a s  made from copper f o i l  0.3 mm i n  th ickness  i n  t h e  shape of a 
cy l inde r  50 mm i n  diameter and 100 mm i n  length.  The bottom of t h e  ca lor imeter  
had t h e  shape of a con ica l  su r f ace  with a 45” a p e r t u r e  angle  (Figure 2 ) .  The 
ca lor imeter  w a s  suspended i n  a h o r i z o n t a l  p o s i t i o n  i n s i d e  t h e  vacuum chamber by 
t h i n  w i r e s .  

\ 

This conf igura t ion  of t h e  b a l l i s  t i c  pendu
lum-calorimeter provided minimum r e f l e c t i o n  of 
moving plasma from t h e  ca lor imeter .  Thus, t he  
i n t e r a c t i o n  of t h e  moving plasma.with t h e  calor
imeter could be considered as an abso lu te ly  in

~ ~ 0 - 1  e l a s t i c  shock. This made i t  poss ib l e  t o  elimi
n a t e  the  e r r o r s  i n  measuring the  momentum and 
energy of t h e  plasma which are caused by t h e  
p a r t i a l  r e f l e c t i o n  of plasma from t h e  calorimet
er. The momentum t r ansmi t t ed  by t h e  moving 

Figure 2’  
f o r  Measuring T i m e  I n t e r v a l  

plasma t o  the  ca lor imeter  p
PZ 

is  equal  t o  

Between Moments of Contact of 
Calorimeter wi th  Electrical 
Contacts. 

where m
PZ 

is t h e  m a s s  of t h e  plasma s t r i k i n g  t h e  ca lor imeter  and D
PZ 

is  the  mean 

v e l o c i t y  of t he  plasma. 

Knowing t h e  m a s s  of t h e  ca lor imeter  M and measuring i t s  speed, t h e  momene 
t u m  of t h e  plasma s t r i k i n g  t h e  ca lor imeter  can be ca l cu la t ed .  The speed of t he  
ca lor imeter  w a s  measured wi th  two minia ture  e l e c t r i c a l  con tac t s  i n s t a l l e d  a t  
s t r i c t l y  determined d i s t ances  from t h e  rear w a l l  of t h e  ca lor imeter .  The con
tacts could be moved wi th  t h e  a i d  of micrometric screws with r e spec t  t o  t h e  rear 
w a l l  of t h e  ca lor imeter  t o  a d i s t ance  of 0-15 mm. The d i s t ance  w a s  set by t h e  
micrometric screws with an accuracy of 20.02 mm 

I n  i t s  movement, t h e  ca lor imeter  f i r s t  touches one contac t  ( t he  c l o s e r  one) ,  
and then the  o t h e r  a f t e r  a c e r t a i n  length  of t i m e .  By measuring the  t i m e  i n t e r 
val T between moments of contac t  of both contac ts  and knowing t h e  d i f f e rence  i n  
d i s t ances  from t h e  con tac t s  t o  the  rear w a l l  of t h e  ca lor imeter  ( A 2  = Z1 - Z2), 
t h e  average speed of t h e  ca lor imeter  Vc w a s  determined i n  t h i s  s ec t ion .  
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The electrical c i r c u i t  f o r  measuring the t i m e  i n t e r v a l  between moments of 
contac t  of t h e  ca lor imeter  w i t h  both contac ts  is shown i n  Figure 2 .  Each con
tact w a s  connected i n  series t o  capaci tances  C1 and C2, which had been charged 

t o  a vol tage  of 10 V from r e c t i f i e r  B before  t h e  experiment. The capaci tances  
w e r e  connected t o  t h e  ground across  t h e  electrical  contac ts  during movement of /112 
t h e  ca lor imeter  a f t e r  t h e  w i r e  explosion. Electrical  pulses  induced by a series 
discharge of capaci tances  C 1 and C2 appeared on t h e  common load  RZ '  A s i g n a l  

w a s  s e n t  from Rz through a cable  t o  t h e  i n p u t  of t h e  ENO-1 osc i l lograph  w i t h  

slave sweep. By measuring t h e  t i m e  i n t e r v a l  T between pulses  on an osci l logram 
and knowing t h e  d i s t a n c e  A Z ,  t h e  average speed of t h e  ca lor imeter  V can b e  comcputed. 

I n  order  t o  exclude t h e  e f f e c t  of t h e  moving plasma on t h e  measuring system, 
a diaphragm with an a p e r t u r e  47 mm i n  diameter w a s  i n s t a l l e d  i n  f r o n t  of t h e  cal
orimeter  ( see  Figure l). 

Applicat ion of t h e  procedure descr ibed above f o r  measuring t h e  momentum of 
a plasma is  p o s s i b l e  only under t h e  condi t ion t h a t  t h e  t i m e  i n t e r v a l  between the  
c l o s i n g  of both contac ts  T is  much g r e a t e r  than t h e  t i m e  of i n t e r a c t i o n  of t h e  
moving plasma on t h e  ca lor imeter .  Under t h i s  condi t ion,  t h e  ca lor imeter  w i l l  
move by i n e r t i a  during t h e  measurement. 

To estimate t h e  e f f e c t  of t h e  suspension system and ca lor imeter  d e c e l e r a t i o n  
during i t s  movement i n  s e c t i o n  A 2  as a r e s u l t  of compressing t h e  s p r i n g  of t h e  
f r o n t  contac t ,  t h e  ca lor imeter  w a s  c a l i b r a t e d  af ter  i n s t a l l a t i o n  i n  t h e  vacuum 
chamber by means of a pendulum which imparted a mechanical impulse of a s p e c i f i c  
magnitude t o  t h e  ca lor imeter .  A p l a s t i l i n e  sphere a t tached  t o  a long s t r i n g  w a s  
used as t h e  pendulum. 

The r e s u l t s  of c a l i b r a t i o n  i n d i c a t e d  t h a t  d e c e l e r a t i o n  of t h e  ca lor imeter  
during its motion i n  s e c t i o n  A z  is  small. A d i s t a n c e  of A Z  = 0.5 mm (2 1 = 1.0 

mm; z2 = 0.5 mm) w a s  e s t a b l i s h e d  i n  t h e  experiments and during c a l i b r a t i o n .  

By measuring t h e  temperature d i f f e r e n c e  on t h e  ca lor imeter  w a l l  before  and 
a f t e r  t h e  w i r e  explosion,  t h e  energy t ransmi t ted  from t h e  plasma t o  t h e  c a l o r i 
m e t e r  could be ca lcu la ted .  Measurement of t h e  h e a t i n g  of t h e  ca lor imeter ,  i n t o  
which t h e  plasma f e l l ,  w a s  conducted with t h e  a i d  of a thermocouple which w a s  
so ldered  t o  t h e  ca lor imeter  (copper-constantan junc t ion) .  Then 

E = 4.17cMcAT, ( 2  1 

where E is t h e  t o t a l  energy t ransmi t ted  by t h e  plasma t o  t h e  ca lor imeter  i n  J; 
Me i s  t h e  mass of t h e  ca lor imeter  i n  g; c is t h e  thermal capac i ty  of t h e  calor

i m e t e r  material i n  cal /g*deg;  AT i s  t h e  temperature d i f fe rence- on t h e  ca lor imeter  
w a l l  before  and a f t e r  t h e  experiment i n  'C. 
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Experimental Results and Discussion 


The first experiments were set up to investigate the electrical explosion 
of a copper wire 0.31 mm in diameter and 66 mm in length, at an initial voltage 
of 22 kV in the condenser bank, in air. 


~~ ~ . _-.. 
0 2 4 t,;sec 

Figure 3. Oscillograms of Discharge 
Current Iand Voltage U During the Ex
plosion of a Copper Wire 0.31 mm in 
Diameter and 65 mm in Length in Air, 
Uo '= 22 kV. Time markers = 0.2 psec. 

Figure 4 .  Ultrahigh-speed Motion-Picture 
Photography of the Process of Explosion of 
a Copper Wire 0.31 mm in Diameter and 65 mm 
in Length, Un = 22 kv, in the Air. Time 

interval between frames = 0.4 usec. 
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Figure 3 shows oscillograms of 
the discharge current and voltage ob
tained in an electrical explosion ofa 
wire in air. The current discontin
uity and the corresponding voltage 
peak which occur at the moment of a 
sharp decrease in conductivity of 
the material of the exploding wire, 
caused by the conversion of the over
heated liquid metal of the wire into 
vapors [1, 21, is quite visible on 
the oscillogram. The energy density 
in the wire, which reaches 6 J/mg at 
the moment of current discontinuity, 
was calculated on the basis of the 
oscillograms. 

Figure 4 shows frames from ul
trahigh-speed motion-picture photo
graphy of the process of wire explo
sion in air. The frames should be 
examined from bottom to top, and the 
columns from left to right. It can 

be seen very well in Figure 4 
that the luminescence of the in
ternal regions of the expanding 
plasma cloud has a transverse 
structure and a sharply outlined 
uniform luminescence front. 

Figure 5 (left) shows a 
photographic scanning of the ex
plosion of a wire 65 mm in 
length (Uo = 22 kV) in air. It 

is distinctly seen that the lum

inescent plasma cloud expands. /I13 

The velocity in this case at the 

initial moment, which amounted 


5
to 8-10 cm/sec, decreases sig

nificantly subsequently. 


An analysis of the photo

graphic scanning in Figure 5 

(left) points to the fact that 

the wire explosion probably 




5 

IO 


t,psec 


Figure 5. Photographic Scannings of the Processes 
of Explosion of a Copper Wire 0.31 mm in Diameter. 

Figure 6. UltrahigH-Speed Mo
tion-Picture Photography of the 
Process of Explosion of a Cop
per Wire 0.31 mm in Diameter 
and 85 mm in Length, Uo = 30 kV, 

in a Vacuum. Time interval be
tween gframes= 0.4 usec. 
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l e a d s  t o  t h e  formation of a c y l i n d r i c a l  shock wave i n  t h e  a i r ,  t h e  v e l o c i t y  of 
which i s  quickly a t t e n u a t e d  E l ] .  

F igure 6 i l l u s t r a t e s  t h e  r e s u l t s  of ultrahigh-speed motion-picture photo
graphy of t h e  process  of w i r e  explosion i n  a vacuum. A c h a r a c t e r i s t i c  f e a t u r e  
of explosion i n  a vacuum i s  a d i s t i n c t l y  expressed t r a n s v e r s e  s t r u c t u r e  of t h e  
expanding plasma cloud w i t h  sharp e j e c t i o n s  of plasma on t h e  luminescence f r o n t .  
The ind ica ted  s t r u c t u r e  has a p e r i o d i c  charac te r .  This p e c u l i a r i t y  of t h e  ex
panding cloud i n d i c a t e s  t h e  presence of s i g n i f i c a n t  i n s t a b i l i t y  of dense plasma/114 
a t  t h e  i n i t i a l  per iod  i n  c o n t r a s t  t o  a w i r e  explosion i n  t h e  air  ( see  Figure 4).  

0 %I 
5118,22A 4674 ,76 i  

c . 

' b  


Figure 7. Emission Spectrum of Plasma Which Forms During t h e  Explosion of 
a Copper Wire 0.31" i n  Diameter and 85 mm i n  Length, U0 = 30 kV, i n  a 
Vacuum. (a)  i n t e g r a l  (with respec t  t o  time) emission spectrum of exploding 
w i r e ;  (b,c,d) time scannings of emission spectrum of exploding w i r e .  
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Figure 5 ( r i g h t )  i l l u s t r a t e s  a photographic scanning of t h e  process  of ex
p los ion  of a w i r e  85 mm i n  length ,  U0 = 30 kV, i n  a vacuum, on which i t  can be 

seen t h a t  expansion of t h e  plasma occurs a t  a constant  rate,  but  t h e  f r o n t  it
s e l f  does n o t  have a concise  boundary. The rate of expansion of t h e  leading 
luminescence f r o n t  of t h e  plasma i n  a vacuum during a long per iod of t i m e  

changes i n s i g n i f i c a n t l y  (3.105-4-105 cm/sec) and exceeds t h e  corresponding velo
c i t y  of t h e  luminescence f r o n t  a t  later s t a g e s  during an explosion i n  t h e  a i r .  
The secondary electrical  discharges i n  t h e  plasma, which w e r e  formed i n  t h e  pro
cess of w i r e  explosion, are d i s t i n c t l y  v i s i b l e  i n  t h e  f i g u r e .  

A comparison of t h e  r e s u l t s  obtained i n d i c a t e s  t h a t  t h e  processes  of p las 
m a  expansion i n  a vacuum are less s t a b l e  than i n  a i r .  

Figure 7 shows t h e  i n t e g r a l  (with respec t  t o  time) spectrum and t h e  t i m e -
resolved emission spectrum which accompanies t h e  explosion of a copper w i r e  i n  
a vacuum. 

Analysis of t h e  i n t e g r a l  spectrum i n d i c a t e d  t h a t  s i g n i f i c a n t l y  broadened 1115 
atomic l i n e s  and s i n g l y  ionized ions of copper a r e  mainly observed i n  t h e  visi-
b l e  region of t h e  spectrum. 

Figure 7b, c and d i l l u s t r a t e s  t y p i c a l  t i m e  scannings of s p e c t r a l  l i n e s  
which correspond t o  t h e  var ious  s t a g e s  of explosion of t h e  copper w i r e .  

A continuous spectrum is  d i s t i n c t l y  seen i n  Figure 7b a t  t h e  i n i t i a l  s t a g e  
of t h e  explosion f o r  3 psec, which ev ident ly  o r i g i n a t e s  due t o  t h e  emission of 
quickly evaporating s o l i d  and l i q u i d  p a r t i c l e s  of t h e  w i r e  t h a t  are suspended 
i n  t h e  plasma. 

The appearance of a continuous spectrum a t  t h e  l a te r  s t a g e s  of t h e  explo
s i o n  ( see  Figure 7 c  and d) w a s  probably caused by recombination and r e t a r d a t i o n  
emission which develops i n  t h e  process of secondary e l e c t r i c a l  discharges i n  
t h e  expanding plasma. 

The appearance of an absorpt ion spec t rum and t h e  r e v e r s a l  of t h e  copper 
l i n e s  on t h e  b r i g h t e r  background of t h e  continuous spectrum p o i n t s  t o  t h e  f a c t  
t h a t  secondary e lectr ical  discharges occur i n  t h e  i n t e r n a l  regions of t h e  ex
panding p la sma  cloud (see  Figure 5, r i g h t )  and t h e  temperature of t h e  plasma 
then increases  i n s i d e  t h e  cloud. 

I n  t h e  process  of expansion i n  t h e  later s t a g e s ,  t h e  plasma becomes opt i 
c a l l y  t ransparent  and phenomena of reversal and absorpt ion of s p e c t r a l  l i n e s  
a r e  not  observed (see  Figure 7d). I n  t h i s  case t h e  atomic l i n e s  of t h e  elec
t rode  material and copper atoms, t h e  s i g n i f i c a n t  expansion of which i n d i c a t e s  
an i n c r e a s e  i n  concentrat ion of charged p a r t i c l e s  i n  t h e  plasma, f l a r e  up simul
taneously with t h e  appearance of t h e  continuous spectrum. The emission of t h e  
c e n t r a l  p o r t i o n  of t h e  plasma cloud is  recorded d i r e c t l y  i n  t h i s  case. 

To measure some of t h e  plasma parameters and t o  s tudy t h e  charac te r  of 
plasma expansion i n  a vacuum, experiments w e r e  conducted wi th  a b a l l i s t i c  pen
dulum-calorimeter. The ca lor imeter  w a s  placed i n s i d e  a vacuum chamber a t  two 
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fixed distances from the wire, equal to 190 and 330 mm, respectively. The re
sults of measuring the plasma energy and momentum transmitted to the calorimet- /116 

er ar'e given below. These data were obtained by averaging the results of ten 

experiments. 


z P E 
uO d L 

190 175 33 30 0.31 85 
330 94 20 30 0.31 85 

Here, z is the distance from the wire to the calorimeter in mm; p is the momen
tum of the plasma measured by the calorimeter in 
dynesosec; E is the total energy of the plasma 
measured by the calorimeter in J; Uo is the ini

tial voltage in the condenser bank in kV; d is 
the diameter of the wire in mm; L is the length 
of the wire in mm. 

A photographic scanning of the plasma motion 
near the calorimeter was then obtained (Figure 8 ) .  
The plasma was photographed through the lateral 
window in the calorimeter chamber. The lumines- 11175 	 cence of the exploding wire, which is reflected 
from the forward portion of the calorimeter, is 
distinctly seen in Figure 8 in the time interval 
from T0 to T1' The time T0 corresponds to the 

beginning of the wire explosion. At time T1' the 


leading front of the luminescent plasma reaches 

'GO 
the calorimeter. The average speed of the plasma 
in the section from the point of attachment of 
the wire to the calorimeter (330 mm) is equal to 

.* - 6.10 5 cm/sec, and the speed of the plasma in di-
5rect proximity to it amounts to about ( 7  2 1)e.10 

t,l.rsec cm/sec. 

Thus, having data on the average speed of 

the plasma near the calorimeter, the mass of the 

material striking the ballistic pendulum-calori


meter can be estimated: 
mPz 

= p 
P Z  

/ V  
PZ 

= 1.57*10-4 
g. 


Hence, the plasma density n ,  averaged for 
the entire luminescence region (see Figure 8 > ,  is 

3Figure 8 .  Photographic equal to 1.i '5*1015 particles/cm . 
Scanning of Plasma Motion 

near Calorimeter. B. P. = The kinetic energy Wk of the plasma striking ballistic pendulum-calori- the calorimeter can be estimated:
meter. 
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The total energy of the plasma, recorded by the calorimeter located at a 
distance of 330 mm from the investigated wire, was equal to 20 J. This increase 
in the energy of the plasma striking the calorimeter, in comparison with Wk' 
may be explained either by the significant internal energy of the plasma, or by
the heating of the calorimeter by intense luminous radiation from the expanding
plasma cloud. The following experiment was conducted to estimate the heating 
of the calorimeter by radiation. A barrier made of organic glass 5 mm in thick
ness was installed in front of the calorimeter. Neither the movement of the 
calorimeter nor its heating was recorded in this case. Thus, heating of the 
calorimeter due to luminous radiation was insignificant, at least in the inter
val of wavelengths that can be passed by organic glass. Consequently, heating 
of the calorimeter is explained by the internal energy of the substance which 
strikes the calorimeter. 

An increase in the speed of the plasma as compared to the speed measured 

by means of photographic scanning (Figure 5, right) at the initial stage of 

plasma expansion is probably a result of heating of the substance in the process 

of the secondary discharges and a consequence of the origination of cylindrical 

shock waves in the expanding plasma cloud. 


Estimation of the mean temperature of the plasma requires investigations 1118 

of the spectral composition of the plasma in the region of the ultraviolet 

range of wavelengths. This makes it possible to establish the probable exis

tence of ions of a multiple degree of ionization, allowance for the recombina

tion of which is necessary for calculations of mean plasma temperature in exper

iments with a ballistic pendulum. 


Thus, the explosion of a wire in a vacuum, in spite of the significant com

plexity of the phenomenon on the whole, makes it possible to study a number of 

physical properties of a dense plasma expanding in a vacuum. 
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EXPERIMENTAL DETERMINATION OF ELECTRON CONCENTRATIONS AND 

EFFECTIVE FREQUENCIES OF ELECTRON COLLISION WITH 


NEUTRAL PARTICLES IN AIR, N2, 02, COY 


ARGON AND C 0 2  BEHIND SHOCK WAVES 

Yu. S. Lobastov 


The first experimental data on the effective cross sections of electron 1119 

collisions with neutral particles were obtained by Ramsauer and Townsend El]. 

However, at electron temperatures below 11,00O0K, the methods of these authors 

are extremely inaccuraze. In thermally ionized air, the effective collision 
cross sections were determined by the magnetic method at 3,500-6,200°K [2]. The 

electron concentrations in this case were taken from the calculation. 


This article is devoted to an experimental determination of electron con
centrations and effective frequencies of electron collisions with neutral parti
cles in various gases behind reflected shock waves. The indicated parameters 
were determined by measuring the attenuation of radio waves simultaneously at 
two frequencies, ; . e . ,  37,500 MHz and 18,750 MHz. The advantages of this meth
od in comparison with those indicated above should also include the good space 
resolution of the radio equipment as well as the possibility of independent de
termination of electron concentrations and effective collision frequencies. 

Theory of Method 


The actual parts of high-frequency conductivity of an ionized gas o and its 
dielectric permeability E can be written in the following form [3]: 

where K o ( w / v  @Sf)and K E ( w / veff ) are certain functions of the circular frequency 
w of the sounding plasma of the radio signal; v is the effective frequency of 
electron collisions with neutral gas particles; ne is the electron concentra
tion in cm 3; e and m are the electron charge and mass, Graphs of the func
tions K and K are given in [3]. The absorption coefficient of the radio o E 

waves has the following form: 


2w6 = -x c y (3 )  
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where 


If the degree of ionization of the gas is riot very great, { . e .  , 

then when E > 0 

Criterion (5) denotes in our case that the conductivity for the lowest fre 

quency of 18,750 MHz should not exceed the value of I E \0 .9*1010 sec -1. The fol
lowing parameters were maximum in this work: n = 1OI2 and vef f  = 5*101'. Then 

8 e
KO = 1,K = 1 . 4 ,  CJ = 5-10 and E = 0.98. Thus, inequality (5) is valid for a l l  

E 

gas parameters that are not so high, and formula ( 6 )  can be used in the calcula
tions. 

The amount of apparent growth of absorption of the radio waves due to their 
reflection from the plasma layer should also be estimated. According to [ 3 ] ,  
the ratio of the energy flux in a reflected wave to the energy flux in an inci
dent wave for a plane electromagnetic wave normally incident to a plasma layer 
with a sharp boundary is expressed by the following formula: 

where n is the refractive index of the plasma. Then for the given values of 

n 
e 

= 10" and v ef f  = 5-10", IRI 2 = 2-10-4 , < . e . ,  the percentage of reflected 
energy amounts to approximately 0.02% of the incident energy. 


Equation ( 6 )  is the dependence of 6 on w ,  ne and veff; therefore, the meas

urement of 6 at two frequencies makes it possible to independently determine 
both ne and veff: 

Since the frequencies differ from one another only by two times, the fol

lowing can be stated, without introducing any notable error: 
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It is usually assumed at the beginning of the calculation of n that 5= e 
1 and, having obtained a zero approximation for n it and v

eff 
are substituted 

e’ 
into (2). Then the next approximation for n is found from the already complete 
formula ( 9 ) .  e 

The first independent determination of n and veff by means of measuringe 
the absorption of radio waves simultaneously at two frequencies was undertaken 
in the USSR in flames [ 4 J ,  and then in a gas heated by a shock wave [5]. 

Experimenta1 Procedure 


The measurements were conducted in a shock tube with a channel of square 

cross section 7.2 x 7.2 cm (Figure 1). The high-pressure chamber was 125.0 cm 


long and the low-pressure chamber 


A B C 

I

D1 Dp3,~ 


16 nrm 


Figure 1. Block Diagram of Installation 
for Measuring the Absorption of Radio 
Waves. (A) to cylinder; (B) to manometer; 
( C )  to filling system; (D) to evacuation 
system. 

consisted of several measuring sec
tions. The distance from the dia
phragm to the plane in which the /121 
microwave antennas were placed 
amounted to 600 cm. The depth of 
the vacuum in the low-pressure 
chamber was monitored by a VT-2P 
thermocouple vacuum meter. Thefilling of the measuring sections 


with the investigated gas to the 

required pressure was monitored 

with the aid of an oil manometer. 


‘Threepiezosensors were built 

into the measuring chambers (see 

Figure 1). The first sensor was 

used to start the electronic equip

ment, while the second and third, 

which were connected together and 


had opposing polarities, fixed the velocity of the departing shock wave. The 

chamber in which the absorption of radio waves was investigated was made from 

an intact piece of organic glass and was 250 mm in length. Radio-wave absorp

tion was measured simultaneously on two wavelengths: 8 and 16 mm. One beam 

passed through the center of the chamber in a horizontal direction, while the 

other passed in a vertical direction, but both passed in one plane perpendicular 
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to the tube axis. The 8-mm measuring set consisted of a GS-701 generator, a 

polystyrene narrow-directional antenna, two polystyrene lenses, a horn antenna, 

a D5-8 measuring attenuator, an AVR 0812/20 decoupling attenuator, and a DS 0812 

detector section. A D60lA crystal was used as the detector. An IVL-634 measur

ing line was used to match the receiving track and to check the measuring atten

uator by the short-line method. The 16-mm track similarly consisted of a GS

702 generator, antennas, lenses, D5-7 attenuators, an AVR 1218/20, a DS1218 de

tector section and a D601B crystal. An IVL-635 line was used for tuning. 


Particular attention in tuning the radio tracks was devoted to the coaxial

ity of the transmitter and receiver systems, the parallel nature of the radio 

beam, and identical cross section of the radio beam at both the 8-mm and 16-mm 

wavelengths. In the opposite case, varying space resolution can lead to addi

tional errors in measurements, especially in the gas behind a reflected shock 

wave. The width of the radio beam in a direction along the tube axis amounted 

to 20 mm on a level of 10 decibels [6]. The microwave generators, for measure

ments behind a reflected shock wave, operated in a modulation mode with square 

voltage from an external generator with a pulse duration of 20 usec. 


A 630-ohm resistance served as the load of each crystal, and it was equal 

to the resistance of the microammeter with which the crystal characteristics 

were recorded. The 50-uA current across the crystals provided a sufficient levj122
-
el of the measured signal above the noise, although the crystals also went be
yond the quadratic range of operation. The characteristics of the crystals were 
checked also in a 50-uA current after each series of experiments, since a cer
tain change was observed in them over time. The power of the radio signal re
corded by the receiver was maintained on one level, so that the initial current 
across the crystals always (except during the experiment) remained constant and 
the detector did not go beyond its characteristics. 

The level of zero and total absorption of the radio signal was noted on 
each oscillogram during the course of the process. With respect to the ampli
tude of the signal fixed on the film to the distance between markers of zero and 
total absorption, we find the value of attenuation c1 in decibels with the aid of 
a graduated graph on the absorption path z in cm. The quantity in formulas ( 8 )  
and ( 9 )  is related to c1 by the expression 

Results of Experiments 


The experiments were performed in the following gases: air, nitrogen, ox
ygen, and carbon monoxide and dioxide. The determination of veff in argon by 
measuring the absorption at two frequencies was extremely difficult, since re
liable results can be obtained only if veff * - w  [4]. According to the same da

ta [l, 2, 71, the cross section of electron collisions with neutral argon atoms 


Q :;. 2.10-17 cm2, which leads to a value of veff :s 0.45-1028 ( p 2 / T ) Q  = lo9 at 
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T2 = 4,000' K and p2 = 1 atm, where T2 and p 2 are the gas temperature and pres
sure behind a reflected shock wave. It is obvious that the Q determination of 

argon requires the use of longer (centimeter) waves or the simultaneous measure

ment of absorption and reflection of radio waves. 


Our investigations were conducted behind reflected shock waves, since this 

made it possible to obtain sufficiently high temperatures and pressures for 

smallM0 numbers of the incident shock waves, which in turn provided an extreme

ly rapid arrival of the gas to the equilibrium state. 


Air 


The amplitude of the first "plateau" on absorption oscillograms was adopted 

as the radio-wave absorption level behind a reflected shock wave (Figure 2) 

since a comparison with pressure scannings and a Topler reflection scanning in

dicated that the beginning of the increase in absorption coincides with the be

ginning of the intersection of the radio beam with the reflected wave. Having

reached a certain level, absorption remains unchanged during a certain length of 

time. Hence, the conclusion can be made concerning the achievement and exis

tence of equilibrium ionization during this period of time. In addition, the 

values of the electron concentrations are extremely close to equilibrium (Figure 

3 ) .  

The equilibrium achievement times amount to 70-170 psec. The presence of 
secondary processes caused by the interaction of the reflected shock wave with 
the contact surface can be estimated on the basis of the form of the absorption 
oscillograms. At initial pressures of approximately 1 mm Hg, the absorption, 
having reached values of approximately 20 psec, then decreases to a level which 
can be called the secondary level or the absorption level behind a super-reflec
ted wave (see Figure 2, top). At higher initial temperatures (above 2 mm Hg) 
the second maximum always becomes greater than the first (see Figure 2, bottom). 
The lower values of secondary conductivity at low pressures are explained by the 
shorter dimensions of the gas plug and by the fact that the axes of the radio 1123 
beams are at a distance of 20 mm from the end. Measurements of radio-wave ab
sorption indicated that not only does the electron concentration increase in the 
second maximum, but also the frequency of electron collisions. For example, at 
Mo = 5.9 of an incident shock wave and at an initial pressure of 3 mm Hg, the 

electron concentration and effective collision frequency behind a reflected 


shock wave are as follows: ne = 7.701010 and %ff = 1.2*1011. n e = 2.501011 

and veff = 1.4*1012 behind a super-reflected wave, which indicates a signifi

cant increase in temperature and pressure as a result of this process. 


The very time of the existence of the equilibrium state behind a reflected 
shock wave increases as the initial pressure increases. If it amounted to ap
proximately 60 psec at M0 = 6.25 and a pressure of 2 mm Hg in front of the inci

dent shock wave, it would be 150 psec atMo = 6.45 and a pressure of 10 mm Hg. 
A super-reflected wave R which arises at the moment of encounter of the re- 1124 

TJ 
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flected wave R with the contact surface K and moving in a direction to the end, 
is very visible in a Topler scanning (Figure 4 ) .  

Q

0-

Figure 2. Radio-Wave Absorption Oscillograms 
in Air Behind Reflected Shock Waves at a Fre
quency of 10,750 MHz (a) and 37,500 MHz (b). 

-Top: p o  = 1 mm Hg and Mo = 6 .45 ;  Bottom: P o  
10 mm Hg and Mo = 6 . 4 5 ;  0 = complete absorp

tion lines. 100-usec markers are given at the 

top. 


Nitrogen 


I , 7--- I " '  

~~ IO" 

Fi.gure 3. n Behind a Ref1.ece 

to the values of effective 
cross sections (Figure 5 ) .  
Curve I was calculated for 
p o  = 2 mm Hg, while curve 2 
was calculated for p 0 = 10 
mm Hg with the aid of the 
data on cross sections 121 
and composition [ 8 ] .  The 
data on temperature and pres
sure were taken from 191. 

-1125 

The form of the absorption oscillograms in nitrogen is similar to the ab
sorption curves in air. The times of achievement of equilibrium ionization and 
the duration of existence of the equilibrium state also are close to the times 
in air. However, as can be seen from Figure 6 ,  the values of the electron con
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2800 3200 3600 4aao 4400 4800 equilibrium values of ne' T

2 
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Figure 7. Q in Nitrogen as a a reflected shock wave were taken from 
Function of T2'  (1) according [IO]. 
to [2 ] .  The effective collision cross sec

tions calculated on the basis of experi
mental effective collision frequencies are given in Figure 7 .  The same figure
illustrates the effective cross sections obtained by Townsend's method [2 ] .  
The air impurity did not exceed 1% in the experiments. 

Oxygen 
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Experiments were conducted in oxygen at three initial pressures: 5, 10 and 
20 m Hg and M0 numbers from 5.6 to 7.5. The form of the absorption oscillo
grams is analogous to the oscillograms in air and nitrogen with the only differ-I126 


Figure 8. Radio-Wave Absorption
Oscillogram in Oxygen Behind a Re
flectea Shock Wave at a Frequency
of 18,750 MHz, p o  = 20 mm Hg and 
M = 5.8 

ence being that approximately 1 millisec

ond from the beginning of scanning the 

absorption of radio waves does not de

crease, but reaches a high value due to 

heating of the propelling gas (hydrogen) 

in the oxygen (Figure 8). 


As the reflected shock wave passes 
the antennas, absorption of the radio 
waves increases rapidly, reaching a hori
zontal section, < . e .  , a 'lplateau". 

The absorption growth time, which 

amounted to 60 psec in our experiments 

at an M number of the incident shock
0 
wave 6.0, temperature 3,180°K and pres
sure 1.8 atm behind the reflected shock 
wave ( p o  = 5 mm Hg), exceeds the time of 

arrival at equilibrium dissocation, which amounts to, according to Logan [11], 
12 vsec under these conditions. It is obvious that this long growth time in 
the experiments was caused by the resolution time of the equipment. The time 
of arrival to equilibrium will be even shorter at higher gas parameters behind 
shock waves. 

Thus, it is quite natural to use the equilibrium values of the temperatures 
and pressures upon transition from effective collision frequencies to effective 
cross sections. The total values of effective cross sections Q were obtainede 

in the course of the calculations, and they can be expressed by the cross sec
tion of molecular and atomic oxygen, Qo2 

and Q
0' 

and by their relative concen

trations, x and x
0' 

in the following manner: 
O 2  

Qc = x Q + XoQo-
O2 O 2  

Knowing the composition and Q for one temperature, but for two different 
e 

pressures, two equations (11) can be used to determine Qo and Qo independently. 

2 
This calculation was performed for two temperatures, 3,600 and 3,200°K, and for 
initial pressures of 5, 10 and 20 mm Hg. The third point -- approximately 
2,600"K -- is the asymptote, to which the cross sections tend for these pres
sures, since here xo -+ 0 ,  -+ Qo2 

(Figure 9 ) .  The upper curve in this 

figure corresponds to cross sections with atomic oxygen, while the lower curve 

corresponds to cross sections with molecular oxygen obtained in this work; 
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curves 1 and 2 correspond to cross sections with 
4';r , . atomic and molecular oxygen taken for the Chinitz 

1 comparison [12]. 
li'f
8 

A comparison of the results obtained for
d-	 cross sections in this work and in the Chinitz 

work indicates that the values of Q
0 
are extreme

ly close, whereas the values of Q have a sharp-

O2 


ly distinct temperature behavior. 


Carbon Monoxide 


Figure 9. Q in Oxygen as Experiments were conducted in carbon monox
a Function of T2- Qc at ide at initial pressures of 5, 10 and 20 mm Hg 
Initial Temperatures Plot- and M0 numbers from 4.8 to 6.4. 
ted by Points. (1) and 
(2) : according to [lo]. A very long (with respect to time) horizon
(3) p o  = 5 mm Hg; (4) 10; tal section (Figure 10) is characteristic for 

the oscillograms of radio-wave absorption in CO.
(5) 20. Thus, when M = 5 . 3  and the initial pressure is 

Figure 10. Oscillograms of Radio-Wave Ab
sorption in CO Behind Reflected Shock Waves 
at a Frequency of 18,750 MHz. (a) p o  = 5 

mm Hg,M o  = 5.9, 20-psec markers; (b) p o  = 

10 mm Hg, Mo = 5.3, 100-usec markers. 
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10 mm Hg, the extent of the "pla-/127 
teau'l amounts to 700 Usec. The 
presence of this plateau makes 
it possible to use the equilibri
um values for temperature and 
pressure. CO dissociatiqn could 
have been neglected in the util
ized temperature (2,380-4,33OoK) 
and pressure (1.3-6.0 atm) ranges. 
It can be considered that the ef
fective collision frequencies 
converted to the cross sections 
refer to pure CO. It is inter
esting to note the very good 
agreement between our data and 
the cross-sectional data of 
Chinitz [12] (Figure 11). 

Carbon Dioxide /128 


Experiments were conducted 

in C02 at an initial pressure of 


10 mm Hg and Mo numbers of the 
incident shock wave from 6.3 to 
7.4. A typical absorption oscil
logram at a frequency of 37,500 
MHz is shown in Figure 12. The 



8 

0 

4nc;:;i 6 o . ,  

4 


2 
2200 3000 3800 4600 

T,"K 
Figure 11. Q in CO as a Func
tion of T2.  Curve according 
to [12] .  

absorption, as this curve indicates, having 

reached a certain maximum level in time T1' 

does not remain on it during any notable per

iod of time, but immediately begins to de

crease, while the super-reflected wave that 

has departed does not increase the gas tem

perature and pressure. The absence of a hor

izontal section after achieving the maximum 

and the rather steep drop in the absorption 

curve evidently indicate that equilibrium is 

not achieved in the time T? up to encounter 


L 

with the super-reflected wave in 

C02. On the basis of data concern


ing the temperatures and.pressures 

behind a reflected shock wave, un

der the assumption of equilibrium 

dissociation, taken from [13], and 

with the aid of data on the molecu

lar percentages of electrons at 

these temperatures and pressures 

from [14],the equilibrium electron 

concentrations were calculated. 

It turned out that the experimental 

points lie significantly below the 


Figure 12. Oscillogram of Radio-Wave Ab- equilibrium concentrations. Evi

sorption in C02 Behind a Reflected Shack dently, such high experimental val


ues of electron concentrations are
-Wave at a Frequency of 37,500 MHz. P o  - caused by impurity ionization [l5].
10 mm Hg and M 7.4. The time of achievement of the max= 0 
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Figure 13. Q in C02 as 
a Function of T 2 .  (1) 

according to [ l o ] .  

Measurements 


imum in absorption coincides well 

with the time of passage of the 


front of the reflected shock wave by the-sounding 

beams. This points to the fact that conductivity 

reaches a maximum value almost immediately behind the 

shock front. According to the data in [ll], the 

times of achievement of equilibrium dissociation of 

C02 at temperatures of 2,000-4,000°K amount to 1-3 

sec. Therefore, the effective frequencies can 

be converted into effective cross sections, based on 

the nonequilibrium values of the temperatures. Pres

sure depends practically very little on dissociation 

(Figure 13). These cross sections, consequently, 

may refer to pure C02. The presence of dissociation/129 


could have led only to a decrease in the cross sec

tions for C02 since the cross section in CO amounts 


to approximately cm2 . 
of the Radio-Wave Reflection Coefficient
-_- --I.
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The radio-wave reflection coefficient in air and argon was subjected to an 
experimental check in this work. The measurements were conducted at a frequency
of 18;750 MHz, whereby the reflection coefficient as well as the absorption co
efficient were measured simultaneously. 


The reflection coefficient reached a measurable value ( lRI2 = 0.02) in air 
only when Mo = 7.9 at an initial pressure of 2 mm Hg, while the transmission 

power was absorbed on the whole. The absorption coefficient in argon, however, 

was extremely large even with incomplete attenuation of the transmitted signal. 

Simultaneous measurement of both coefficients in argon made it possible to de

termine the effective frequency and cross section of the collisions (see below). 


M T,OK p,atm a,a~/cm R~ ne .10-~~,.,-~ %f f.10-~,sec-l Q . ~ o - ~ ~ ,cm 


4.4 4,400 0.79 0.25 0.025 2.0 2.7 5.0 
4.9 5,900 2.05 0.66 0.084 3.0 3.6 3.0 

These values are quite similar to the data in the Phelps discharge [7]. 


Conclusions 


Measurement of radio-wave absorption simultaneously at two frequencies of 
37,500 MHz and 18,750 MHz behind a reflected shock wave in a shock tube indicat
ed that equilibrium ionization is achieved in air and nitrogen in 70-170 psec 
at 2,800-4,800°K and pressures of 0.3-6.20 atm. 

Comparison of the absorption curves with Tiipler scannings of the process 

of reflection of a shock wave from the end of the tube made it possible to ex

plain the significant increase in conductivity after its achievement of the 

equilibrium value as a result of additional heating of the gas of a shock wave 

that had been reflected from a contact surface. 


The measured values of effective cross sections of electron collisions with 

neutral particles in air, nitrogen and CO are quite similar to those given In 

[l, 21. However, the cross section in nitrogen at temperatures above 4,000"K 

has a tendency towards a steeper growth. The cross sections were significantly 

smaller in molecular oxygen and in CO2 in our experiments than in those conduc

ted in [l21. 
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SECONDARY PHENOMENA DURING THE REFLECTION 

OF SHOCK WAVES IN ARGON 


T. V. Bazhenova and Yu. S. Lobastov 


Some Results of an Experimental Investigation of the /131

Reflection of Shock Waves in Argon in a Shock Tube
-______-

The process of argon ionization behind shock waves is examined in [1, 21. 
The argon ionization times are obtained by optical and probe methods, and it is 
noted that the ionization rate essentially depends on the initial state of argon 
and in particular,on the impurity concentration and the concentration of free 
electrons in front of the shock wave front as a consequence of photoionization. 

In this study, we present some of the results of an investigation of ion

ization processes in argon behind a reflected shock wave, and we describe sec

ondary effects; namely, nonstationary propagation of the reflected shock wave, 

and phenomena occuring during the interaction of the reflected shock wave in ar

gon and the contact surface in the shock tube. 


Experiments were carried out in a shock tube having a cross section of 72 
x 72 mm at a distance of 4.7 and 6 m from the diaphragm. T6pler scannings of 
the reflection process were obtained and the absorption coefficients of radio 
waves with lengths of 1.6 and 0.8 cm behind the incident and reflected waves 
were measured [ 3 ,  41. 

Figures 1 and 2 illustrate characteristic oscillograms of the absorption 
of radio waves with lengths of X = 1.6 cm (a) and 0.8 cm (b) behind the incident 
shock wave at a distance of 36 cm from the end. 

The first region of radio wave absorption is 450 psec when Mo = 6.6 and p 0 
= 15 mm Hg; this corresponds to a distance of 90 cm from the shock wave front. 
The gas then remains radiotransparent for 40-50 psec (9-10 cm). Further, at a 
distance of 20 cm, we observe a region of secondary radio wave absorption. Rad
io wave absorption in regions I and I1 ocours with a pressure decrease (see Fig
ure 1). In the first region, the absorption amplitude increases as the shock 
wave M0 number increases. In the second region, the radio wave absorption ampli
tude increases as the shock wave M0 number decreases (see Figure 2). Figure 3 

illustrates the dependence of free electron ne concentration in the second re
gion on the M0 number calculated with respect to radio wave absorption on two wavelengths. 

The absorption time in the first region corresponds to the absorption time 
of radio waves by hot argon behind the incident wave. A constant absorption co
efficient value is not achieved within the gauge limits. A determination of the 
concentration of free electrons n behind the incident wave under the considered e 
conditions was difficult since the signal with the 1.6 cm wavelength undergoes 


138 




Figure 2. Absorption of Radio Waves 
of Two Frequencies Behind an Inci
dent Shock Wave in Argon. Mo = 5.8; 
at p o  = 10 mm Hg; (1) 10 psec marker. 

IO"5.5
.t 
Figure 3. Dependence of ne in-
the Second Region on the Shock 
Wave Mo Number. 

Figure 1. Absorption of Radio Waves 
of Two Frequencies Behind an Incident 
Shock Wave in Argon. M0 = 6 . 6 ;  p 0 = 

15 (upper), 10 and 5 mm Hg; (1) 10 
psec marker. 

complete absorption, and it is not possible to independently determine ne and the effective number of collisions. 

Figure 4 illustrates an oscillogram of radio wave absorption by argon be
hind a reflected shock wave at the lowest Mo numbers ( Mo = 4.65, T2 = 4,900°K,/132 
p2 = 1.9 atm). At 500-700 psec after shock wave reflection, a small concentra

3tion of free electrons (ne = 5.8*1010 l/cm ) arises and remains constant to 700 
8 psec. An increase in conductivity then appears, which reaches 4-10 sec-1 (ne 
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0.9*10'~ l/cm3 1,000 usec after 
shock wave reflection. The lev
el of total absorption ( 0 )  is 
also noted on the oscillogram. 

For an interpretation of the 

processes accompanying shock wave 

reflection, we took time photo

graphs of the Tijpler pattern of 

the reflection. Figure 5 illus

trates a Tijpler photograph of 

shock wave reflection in argon. 

Upon encountering the contact 


Figure 4. Radio Wave Absorption by Argon Be- surface at pointK, the reflected 
hind a Reflected Shock Wave. M0 = 4.65; p o  = shock wave R is partially refrac
10 mm Hg. ted and enters the cold propel

ling gas (hydrogen), and is par

tially reflected from the contact 

region. This is accompanied by an increase in gas luminescence. The propagatiod134 
of seconday reflected waves is observed especially well in photographs of reflec
tion in air, where the flow structure is more clearly visible since strong emis
sion is not present. (Adetailed Tijpler photograph is illustrated in Yu. S. 
Lobastov's article in this collection.) 

. . .__- . . . . .  . 

Figure 5. Tijpler Scanning of Shock Wave Reflection in Argon. 
(a) Mo = 6 . 8 ;  p o  = 1 mm Hg; (b) Mo = 7.4; p o  = 5 mm Hg. 
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--- -- The E f f e c t  of Nonequilibrium I o n i z a t i o n  on t h e  Propaga
t i o n  of a Reflected Shock Wave i n  Argon___--

A s  noted i n  earlier works [5] ,  t h e  observed v e l o c i t y  of a r e f l e c t e d  shock 
wave i n  argon is  less than t h e  equi l ibr ium va lues  ca lcu la ted .  This i s  explained 
by energy l o s s e s  during shock wave r e f l e c t i o n  from t h e  tube end. During an  ex
amination of scannings of a Tijpler r e f l e c t i o n  p a t t e r n  i n  argon, i t  w a s  found 
t h a t  t h e  v e l o c i t y  of t h e  r e f l e c t e d  shock wave w a s  no t  constant  a t  c e r t a i n  M0 and 

p o  values  ( see  Figure 5b).  The shock wave d e c e l e r a t e s  from i ts  v e l o c i t y  a t  t h e  

end, which exceeds equi l ibr ium va lues ,  t o  lower v e l o c i t i e s  a t  t h e  contac t  sur
face .  Apparently, d e c e l e r a t i o n  of t h e  r e f l e c t e d  wave is  caused by a change of 
t h e  boundary condi t ions  a t  t h e  end of t h e  tube,  where t h e  gas s t a t e  changes as 
equi l ibr ium i o n i z a t i o n  i s  es tab l i shed .  The s t a t e  of t h e  gas can change p a r t i a l 
l y  a l s o  as a r e s u l t  of l o s s e s .  

To analyze t h e  e f f e c t  of nonequilibrium of t h e  i o n i z a t i o n  process on t h e  
r e f l e c t e d  wave v e l o c i t y ,  w e  s h a l l  compare t h e  observed change of t h e  r e f l e c t e d  
wave v e l o c i t y  (Au

R 
)
exP 

with t h e  ca lcu la ted  change upon t r a n s i t i o n  from a s t a t e  

with f rozen  i o n i z a t i o n  t o  an  equi l ibr ium s t a t e  of argon behind t h e  r e f l e c t e d  
wave. Calcu la t ion  d a t a  f o r  an i n i t i a l  p ressure  of 10 mm Hg are taken from [ 6 ] ,  
and d a t a  f o r  i n i t i a l  p ressures  p 0 = 5 and p o  = 1 mm Hg w e r e  i n t e g r a t e d  with d a t a  

f o r  p o  = 10 and p o  = 0.8 mm Hg. Tables 1 and 2 i l l u s t r a t e  t h e  r e s u l t s  of calcu

l a t i n g  t h e  parameters of argon behind inc ident  and r e f l e c t e d  shock waves a t  p o  = 
0.8 mm Hg. 

TABLE 1. EQUILIBRIUM PARAMETERS OF ARGON BEHIND 
iNCIDENT SHOCK WAVE AT p o  = 0.8 mm Hg. T0 = 293'K. 

7 
2240 
4800 
O,OGT, 

f i .5.  10 n 
0 , i R .  i o  6 

1 , t i  . (0'" 

TABLE 2.  EQUILIBRIUM PARAMETERS OF ARGON BE
H I N D  REFLECTED SHOCK WAVE AT p o  = 0.8 mm Hg. 
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Table 3 illustrates the results of a comparison of the deceleration of the 1135 

reflected wave observed in the experiments with the calculated values of decel

eration from the frozen to the equilibrium value. The table also indicates de

celeration time of the reflected wave from the values at the end to the values 

at the contact surface. It should be noted that the final values of the shock 

wave velocity were somewhat lower than the calculated equilibrium values. 


TABLE 3. DECELERATION OF REFLECTED SHOCK WAVE IN ARGON 


fi ,8 
1 

875 
740 
1 :6 
121) 

The relationship between time of change of the reflected wave velocity and 
time of change of the boundary condition at the end of the shock tube is deter
mined from an examination of the problem of gas flow between a piston and shock 
wave in a relaxing gas [ 7 ,  81. 

Let us apply the relation obtained in [ 7 ]  to determine the relationship be
tween the relaxation time T0 and the onset time of the equilibrium velocity of 
the reflected shock wave T

S 
. Table 4 illustrates the results of calculating the 

onset time of the equilibrium degree of ionization. 


TABLE 4 .  RELATIONSHIP BETWEEN TIME OF CHANGE OF SHOCK WAVE VE
LOCITY T~ AND IONIZATION TIME ‘c0 BEHIND REFLECTED WAVE IN ARGON 

From the data presented in Table 4 ,  it follows that the change of the re
flected shock wave velocity occurs in a time which is almost twice as long as 

the time of change of the degree of ionization. Nonstationary propagation of 

the reflected shock wave was observed under the conditions indicated along its 
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e n t i r e  pa th ,  r i g h t  up t o  t h e  i n t e r a c t i o n  wi th  t h e  contact  s u f r a c e ,  i.e., f o r  ap
proximately 100-200 psec. Therefore,  i t  is  p o s s i b l e  t o  conclude t h a t  nonequil
ibrium i o n i z a t i o n  under t h e s e  condi t ions  e x i s t s  f o r  more than 50-100 psec. 

Measurements of t h e  i o n i z a t i o n  rate behind an  inc ident  shock wave [l] estab

l i s h e d  t h a t  t h e  i o n i z a t i o n  t i m e  of argon a t  a temperature of 1040K i s  25 psec i n  
a l a b o r a t o r y  coordinate  system, when t h e  pressure  behind t h e  shock wave i s  7 atm./136 
The t i m e ,  r e f e r r e d  t o  4.5 a t m  pressure  and t o  a coordinate  system connected t o  
t h e  gas ,  is 400 p s e c .  Thus, e x t r a p o l a t i o n  of t h e  d a t a  i n  [l] t o  t h e  condi t ions  
behind t h e  r e f l e c t e d  shock wave i n d i c a t e s  t h a t  f o r  t h e  t i m e  of observat ion of 
t h e  r e f l e c t i o n  process  u n t i l  t h e  r e f l e c t e d  shock wave encounters t h e  contac t  sur
face ,  t h e  i o n i z a t i o n  of argon does not  achieve equi l ibr ium, and t h e  r e f l e c t e d  
wave  propagates with continuously changing boundary condi t ions  a t  t h e  end, which 
a f f e c t s  t h e  change of t h e  r e f l e c t e d  shock wave v e l o c i t y .  

I n t e r a c t i o n  of Reflected Shock Wave and 
Contact Surface i n  Argon 

Measurement of r a d i o  wave absorp t ion  behind t h e  i n c i d e n t  shock w a v e  under 
c e r t a i n  condi t ions  i n  argon a t  a d i s t a n c e  of 36 c m  from t h e  end of t h e  shock 
tube ind ica ted  t h a t  i n  t h e  cold propel l ing  gas (hydrogen and helium) n o t i c e a b l e  

i o n i z a t i o n  (n  + 1O1'-10 12) occurs a f t e r  t h e  contact  s u r f a c e  passed by t h e  m i e 
crowave antennas.  This phenomenon i s  n o t  r e l a t e d  t o  t h e  presence of a l a y e r  of 
h o t  gas on t h e  w a l l s  of t h e  tube behind t h e  contac t  s u r f a c e ,  which w a s  noted i n  
t h e  measurement of t h e  h e a t  f low t o  t h e  w a l l  wi th  h e a t  t ransducers ,  s i n c e  i t  oc
curs  a f t e r  t h e  gas has  become rad io t ransparent  over a per iod of 50-100 psec (see  
Figure 1 and 2). 

The appearance of r a d i o  wave absorp t ion  i n  hydrogen behind t h e  contac t  sur
f a c e  w a s  observed only during a s tudy of shock waves i n  argon a t  comparatively 
high i n i t i a l  p ressures  ( p o  = 5 mm Hg and h igher ;  T = ll,OOO°K). I f  a i r ,  carbon 

dioxide,  o r  n i t rogen  (T 


nomenon w a s  n o t  observed a t  t h e  s a m e  f low v e l o c i t i e s .  Therefore,  t h e  de tec ted  

2 < 7,000"K) was i n  t h e  expansion chamber, a s i m i l a r  phe

r a d i o  wave absorp t ion  cannot b e  r e l a t e d  t o  d i f f u s i o n  o r  absorp t ion  by molecular 
hydrogen o r  t h e  metal l ic  p a r t i c l e s  which form when t h e  diaphragm is  s h a t t e r e d .  
I n  a d d i t i o n ,  d i f f u s i o n  o r  absorp t ion  of microwaves by p a r t i c l e s  a f r a c t i o n  of 
a m i l l i m e t e r  i n  s i z e  i s  not  very probable.  

Radio wave absorp t ion  by a gas behind t h e  contac t  s u r f a c e  decreases  wi th  
an  i n c r e a s e  of t h e  Mach number of t h e  shock wave (see  Figure 3) .  Apparently, 
t h i s  i s  r e l a t e d  t o  t h e  f a c t  t h a t  t h e  contac t  s u r f a c e  a t  t h e  lower M numbers of 
t h e  shock wave is  f u r t h e r  from t h e  shock wave f r o n t  and is  loca ted  c l o s e r  t o  t h e  
measurement p o i n t  of r a d i o  wave absorp t ion  a f t e r  t h e  shock wave is  r e f l e c t e d  
from t h e  end of t h e  tube than a t  high M numbers. 

A comparison of r a d i o  wave absorp t ion  osci l lograms with a Tijpler p a t t e r n  of 
t h e  r e f l e c t i o n  process  i n d i c a t e s  t h a t  t h e  moment of appearance of f r e e  e l e c t r o n s  
i n  t h e  co ld  hydrogen coincides  with t h e  moment of secondary r e f l e c t i o n  of t h e  
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shock wave from t h e  contac t  s u r f a c e  ( see  Figure 5 ) .  

$e appearance of a second r e f l e c t e d  wave i s  a l s o  recorded during measure
ment of r a d i o  wave absorp t ion  a t  t h e  end of t h e  shock tube ( see  Figure 3) when 
a sharp i n c r e a s e  of i o n i z a t i o n  i s  observed which coincides  i n  t i m e  wi th  t h e  ar
r iva l  of t h e  second r e f l e c t e d  wave. 

L e t  us examine two p o s s i b l e  causes of hydrogen i o n i z a t i o n  during t h e  i n t e r 
a c t i o n  of t h e  r e f l e c t e d  shock wave and t h e  contac t  s u r f a c e :  propagation of t h e  
r e f l e c t e d  wave i n  hydrogen and photoionizat ion from argon emission. 

Af te r  i n t e r a c t i o n  of t h e  r e f l e c t e d  shock wave and t h e  contac t  s u r f a c e ,  a 
series of d i s turbances  having a comparatively low v e l o c i t y  e 0 . 5  km/sec) i s  1137 
propagated upstream through t h e  cold propel l ing  gas. The v e l o c i t y  of t h e s e  dis
turbances with r e s p e c t  to t h e  s t a t i o n a r y  gas i s  2.5-3 km/sec. The hydrogen be
hind t h e  contac t  s u r f a c e  has a low temperature. I f  w e  consider  t h a t  t h e  process 
of expansion of t h e  p r o p e l l i n g  gas i s  i s e n t r o p i c ,  t h e  temperature drops 2.5 
t i m e s  i n  t h e  expansion wave. The v e l o c i t y  of sound i n  hydrogen under t h e s e  con
d i t i o n s  i s  865 m / s e c .  The Mach number of t h e  r e f r a c t e d  wave i n  hydrogen i s  3
3.5 and t h e  temperature behind t h e  shock wave i n c r e a s e s  3 t o  3.5 t i m e s ,  i.e., 
t h e  temperature behind t h e  r e f r a c t e d  shock wave i n  hydrogen is  n o t  more than 
400'K. 

Thus, t h e  hea t ing  of hydrogen and t h e  i m p u r i t i e s  i n  i t  by t h e  r e f r a c t e d  
shock wave cannot create a n o t i c e a b l e  concent ra t ion  of f r e e  e l e c t r o n s .  

0
The ex is tence  of r a d i a t i o n  with a wavelength of less than 800 A is neces

s a r y  f o r  photo ioniza t ion  of hydrogen a t  t h e  contac t  s u r f a c e  a t  t h e  moment of 
secondary r e f l e c t i o n  of t h e  r e f l e c t e d  shock wave from i t ,  s i n c e  t h e  i o n i z a t i o n  
p o t e n t i a l  of hydrogen i s  12.4 e V  [ 9 ] .  I f  argon behind t h e  r e f l e c t e d  shock wave 
a t  Mo = 6.7 has  a temperature of up t o  10,000'K (see Table 3 ) ,  t h i s  temperature 

can i n c r e a s e  1.5 t o  2 t i m e s  during secondary r e f l e c t i o n .  To c a l c u l a t e  t h e  maxi
mum p o s s i b l e  r a d i a t i o n  dens i ty ,  l e t  us assume t h a t  argon r a d i a t e s  a s  an i d e a l  
b lack  body with a temperature of 20,000"K. The number of photons having a f r e 

quency g r e a t e r  than 3*1015 (hw > 12.4 eV) can be determined by Planck's equa

t i o n .  This number i s  equal  t o  lo1' photons/cm 2 
-set. For sec, during which 

an i n c r e a s e  of e l e c t r o n  concentrat ion occurs i n  hydrogen, t h e  argon behind t h e  

r e f l e c t e d  wave e m i t s  108 photons/cm3 . These photons are p r a c t i c a l l y  e n t i r e l y  
absorbed by t h e  hydrogen behind t h e  contac t  reg ion  s i n c e  t h e  hydrogen absorpt ion 

c o e f f i c i e n t  of t h e  vacuum u l t r a v i o l e t  i s  102 cm -1 [ 9 ] .  Near t h e  contac t  s u r f a c e ,  
t h e  concentrat ion of f r e e  e l e c t r o n s  i n  hydrogen appearing as a r e s u l t  of photo-

i o n i z a t i o n  by emission during shock wave r e f l e c t i o n  i n  argon i s  l o 8  electrons/cm 3. 
Electron dens i ty  drops i n  proport ion t o  t h e  d i s t a n c e  from t h e  contac t  sur face .  

The e l e c t r o n  d e n s i t y  observed i n  t h e  experiments i n  hydrogen behind t h e  con
tact  s u r f a c e  i s  2 t o  3 o r d e r s  higher  than t h e  number of primary e l e c t r o n s  which 
can arise as a r e s u l t  of photoionizat ion by argon emission. Apparently, second
dary i o n i z a t i o n  occurs i n  t h e  gas by f a s t  e l e c t r o n s  which arise during photoion
i z a t i o n  by hard photons whose energy s i g n i f i c a n t l y  increases  t h e  i o n i z a t i o n  
p o t e n t i a l  of hydrogen. I n  a d d i t i o n ,  free e l e c t r o n s  can p e n e t r a t e  hydrogen by 
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way of diffusion from argon behind the secondarily reflected shock wave, where 


electron concentration reaches 1018-1019. The photoionization of alkali metal 

impurities having a low ionization potential in hydrogen can also lead to addi

tional formation of free electrons. 


Conclusions 


1. Nonstationary propagation of a reflected shock wave in argon is observed 

under conditions wherein the degree of argon ionization behind the reflected 

shock wave is variable. 


2. Secondary effects were found which accompanied the interaction of the 

reflected shock wave in argon and the contact surface: ionization in cold hydro

gen and helium near the point of shock wave reflection from the contact region, 

and an increase of the degree of ionization at the shock tube end, which is re

lated to the arrival of a second reflected wave. 
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SOME GENERAL INEQUALITIES OF CHEMICAL THERMODYNAMICS 
FOR THE CASE OF PARTIAL EQUILIBRIUM 

A.  S. Pleshanov 

The following general inequalities of chemical thermodynamics were proven /I39 
in [l] and [2]: 

cpo >CPm, Go>C,& -

where eP and e 2, 
are the molar heat capacities at constant pressure p or volume 

0; T is the temperature; p is the density; 1~ is the molecular weight; and aT and 

are the isothermal and adiabatic velocities of sound, respectively. The sub-

as 
scripts 0 and m refer to complete equilibrium and the complete absence of equi
librium of an arbitrary reacting gas system which is governed by the Clapeyron 

equation with respect to small disturbances. 


The character of the change in the quantities from (1) as the reacting sys
tem "unfreezes", $ . e . ,  upon transition from the complete absence of equilibrium 
through a state of partial equilibrium to complete equilibrium, is of interest. 
If r' independent reactions transfer to a state of complete equilibrium in the 

reacting system, 2r states of partial equilibrium are possible with respect'to 
small disturbances; one of these states is completely nonequilibrium; r - 1 re
actions in r states are completely nonequilibrium and one arbitrary reaction is 
completely equilibrium. r - 2 reactions in r(r - 1)/2 states are completely 
nonequilibrium and 2 arbitrary reactions are completely equilibrium, etc. We 
shall prove that the quantities from (1) vary monotonically in proportion to the 
monotonic l'unfreezing''of the system. More precisely, we shall prove that 

where the subscript n designates that n reactions in the system are equilibrium 
with respect to small disturbances, and the subscript n + 1 denotes that the n 
previous reactions have one more additional new reaction. 
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The proof is based on the following fact [3 ] .  Let the positive definite /140 
quadratic form be given: 

where xi n  is determined from the equation 

Then 


where An > 0 [l] is the determinant of system ( 4 ) .  

It is not difficult to verify that for the characteristics of (1) there are 
representations of type (3)  with variable, definite systems similar to ( 4 )  [l, 
21. Thus, inequalities (2) follow from inequality (5). 

The monotonic increase in the quantity ( a  In p / a  In p )  T- ( a  I n  p / a  In p )  T as 
the system "unfreezes" follows from inequalities (2), as is easily demonstrated. 

With regard to the differences between other paired quantities, generally speak

ing, they vary monotonically only when the number of particles is constant during 

each equilibrium reaction. 
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NONISENTROPIC NONEQUILIBRIUM FLOW OF A GAS THROUGH A NOZZLE 

WITH FRICTION AND HEAT EXCHANGE TAKEN INTO ACCOUNT 


A. S. Pleshanov and P. A. Kon'kov 


§ 1. Equations of Chemical Hydrodynamics 
In the presence of diffusion processes and chemical reactions to known h y - w  


drodynamic equations 


x ( p ~  +q)=a -div[pv(w+$)-(dv) +q] 
-

(designations according to [l]) K continuity equations should be added for each 
chemical component Ki (i= 1, ..., K) which takes part in R direct reactions 
R (s+ = 1, ..., R) and R inverse reactions R (S+ = R + 1, ..., 2 R ) .  We shall 

s+ st 

use the following form of these equations (s = 1, ..., 2 R ) :  

-p dt--div ii -2mivdrfII, 
8 

where ei is the relative mass concentration of Ki'* i. is the diffusion flow of 
3 z 

Ki; 0 
S 
is the velocity of R

S 
Cmole/cm sec]; vis is the stoichiometric coeffi

cient of K. in R 
S' 

and mi is the molecular weight of K. [g/mole].
Z 2 

Let us turn our attention to the fact that the expression employed in this 


paper for the rate of change of Ki' pdei/midt E V-'cZlui/dt (V is the total vol
ume of the system and N. is the total number of K. particles in the system),

Z 2 
does not coincide with the expression dn./dt E d(N./V)/dt, which is commonly

Z 2 
used in chemical kinetics. Our determination is more accurate for variable V. 


Let us also note that the diffusion flows i are not independent. If we 
multiply (1.4) by the number of type m atoms in Ki-nm and sum (1.4) with re

i 
spect to i, then owing to the constancy of the numbers of any type atoms, in 
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t h e  course of each r e a c t i o n  w e  w i l l  have t h e  obvious r e l a t i o n s h i p s  Cnmi N. = z. 

const and Enmi vi s  = 0,  as a r e s u l t  of using which t h e  term on t h e  l e f t  and t h e  

second term on t h e  r i g h t  i n  (1.4) become equal  t o  zero,  and t h e  d i f f u s i o n  flows 
are r e l a t e d  by a r e l a t i o n s h i p s  (a i s  t h e  number of var ious  types of atoms) of 
t h e  following form: 

Besides (1.5), t h e r e  i s  another  r e l a t i o n s h i p ,  which i s  obtained by summing (1.4)/142with respect t o  i:  

div 2 i, =0, 
i 

i t  i s  t r i v i a l ,  however, inasmuch as w e  have C i i  = 0 on t h e  b a s i s  of determining 
t h e  d i f f u s i o n  flows ' [ 3 ] .  2 

W e  s h a l l  now prove t h a t  t h e  adopted form of p a r t i c u l a r  c o n t i n u i t y  equations 
ensures t h e  determinacy of t h e  s i g n  of e (analogous t o  e ). 

s+ s-+ 
Using t h e  Gibbs equat ion,  

ds =Tds  -pdV +2 pidci 
i 

( p i  is  t h e  chemical p o t e n t i a l  of K.), equat ion (1.3) can be w r i t t e n  i n  t h e  form
2 

of 

Tne l a s t  term of (1 .6 ) ,  i n  view of v .  = - v .  , may b e  presented i n  t h e  form 
zs+ zs+ 

The r a t i o  of r e a c t i o n  rates 0 / 0  is  equal  t o  exp [-C
i 

v .2sf l . /RT] when nonequi
2 

st s+ 
l ib r ium is  n o t  too  s t rong  [2]  s i n c e  w e  have t h e  following f o r  t h e  i n t e g r a l  rate 
of change of entropy due t o  chemical processes:  



-- 

The sought result of Os > 0 is hence obtained on the basis of the entropy in-
+ 

crement principle (the elementary inequality z(1 - e-x)  > 0 (z > 0 )  is used). 

Let us note here that the following expression for the heat flux [l] is 

used in this article: 


where wi is the enthalpy of K..2 
In addition, disregarding barodiffusion, thermodiffusion, and the correla


tion of diffusion flows, as usual, we shall limit ourselves in the expressions 

for diffusion flows to the diagonal terms with respect to concentration gradi

ents. Then 


where Di is the diffusion coefficient of Ki. 


52. 	 Equations of Gas Flow Through 2 1143 
Nozzle and Boundary Conditions 

The general hydrodynamic equations (l.l), (1.2) and (1.3), and the particu
lar continuity equations (1.4) will be written for a stationary gas flow through 
an axially symmetric cylindrical nozzle. The flow is two-dimensional, and is 
determined by the axial coordinate 0 ,< z 6 z 0 and the radius 0 < r < ro, where 
zo and ro is the nozzle length and radius, respectively. Since the distance at 

which a Poiseuille velocity profile of the gas flow develops [l] is L -r 0Re = 
2rov/u >> zo (if, for example, r o - 1 0  cm, v - 500 m/sec, u - 0.1 cm 2/sec, and 

z0 - 1 m), the velocity profile is uniform to a high degree. This makes it pos

sible to consider the flow as consisting of two regions: the basic region, ; . e . ,  
the nucleus, where all characteristics are constant, and a small region, i . e . ,  
the boundary layer, where all characteristics change sharply from their values 
in the nucleus to the values on the nozzle wall. Allowance for the change of 
characteristics in the boundary layer during derivation of averaged equations of 
gas flow through a nozzle is equivalent to an effective decrease in the cross-
sectional area of the nozzle by the quantity AS/S- - 2 6 / r 0 ,  where 6 is the thick
ness of the boundary layer [4]. Such an allowance was made, for example, in [5] 


and is unfounded in view of the smallness of 6 / r o - R e  << 1. 

However, as will be indicated below, allowance for friction and heat ex


change provides terms which are also proportional to Re-'I2 since the effective 
decrease in cross-sectional area of the nozzle should be taken into account. 
Nevertheless, for simplicity of analysis, this circumstance is not taken into 
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account. The necessary changes which should b e  introduced i n t o  our  formulas 
are obvious from [ 5 ] .  

The Gauss-Ostrogradskiy formula is used t o  o b t a i n  averaged equat ions o f  
gas flow through a nozzle  from t h e  general  equations in 51; t h i s  formula, f o r  an 
a r b i t r a r y  v e c t o r  w, f o r  which d i v  w = 0,  upon i n t e g r a t i o n  f o r  an  i n f i n i t e l y  s m a l l  
nozzle  volume v (nozzle bounded by two cross  s e c t i o n s  with t h e  d i s t a n c e  between 
then dz and normal t o  t h e  la teral  s u r f a c e  n), has t h e  form 

It 

hence 

H e r e  t h e  s i g n  <f> denotes averaging of f with  respect t o  t h e  nozzle  c ross  sec
t i o n  S, t h e  per imeter  of which P and t h e  g e n e r a t r i x  angle  with axis z is  equal  
t o  8. The s u b s c r i p t  0 r e f e r s  t o  t h e  func t ion  a t  t h e  nozzle  w a l l .  

I n  view of (v, n) 
0 

= 0 (wal l  i s  impermeable), w e  ob ta in  t h e  following con

t i n u i t y  equat ion from (1.1): 

I n  view of v0 
= 0 (attachment of gas t o  w a l l ) ,  w e  ob ta in  t h e  following en

ergy equat ion from (1.3) and (2.1): 

The motion equat ions of (1.2) w i l l  be  w r i t t e n  i n  tensor  form [l] 

1 

where nik = pGik + ~ V . V  - 0ik is  t h e  dens i ty  tensor  of t h e  pulse  flow*, and 1144 
z k 

-
*The second v i s c o s i t y  c o e f f i c i e n t  <, which w e  use i n  Landau form is  213~1 

g r e a t e r  than t h e  hydrodynamic c o e f f i c i e n t  of t h e  second v i s c o s i t y .  
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is t h e  "viscous'' stress tensor  (q and 5 are v i s c o s i t y  c o e f f i c i e n t s ) .  Applica
t i o n  of t h e  Gauss-Ostrogradskiy formula t o  t h e  motion wi th  regard t o  axis z 
makes i t  p o s s i b l e  t o  o b t a i n  t h e  following averaged equation: 

o r ,  taking (v, nIo = 0 i n  expanded form i n t o  account,  

1 1 1 

d / & [ ( p  + p v z  2 - uzz)S] + ( - p  t a n  e + u 
zz 

t a n  e - u z r  )0
P = 0. (2 .4)  

Equations ( 2 . 2 ) ,  (2 .3)  and (2 .4 )  are accurate .  W e  s h a l l  s impl i fy  them by 
using a high degree of uniformity of flow along t h e  nozzle  c ross  s e c t i o n ,  i.e., 
we s h a l l  n e g l e c t  lvrl everywhere i n  comparison wi th  I V  Z I and a l l  v e l o c i t y  gradi

e n t s  i n  t h e  nucleus i n  comparison wi th  av /az. I n  a d d i t i o n ,  w e  can d is regardz 
t h e  a x i a l  v e l o c i t y  g r a d i e n t s  i n  t h e  boundary l a y e r  i n  comparison with the  radi
a l  g r a d i e n t s ,  whereby only < a v

2 
/arl

0 
should be taken i n t o  account,  s i n c e  t h e  

following ensues from t h e  motion equat ion wi th  respec t  t o  t h e  radius  under t h e  
condi t ion of aplar = 0 :  

Furthermore, wi th  an accuracy t o  terms -S/r 0 ,  t h e  average values  of a l l  quanti

ties with respect t o  t h e  c ross  s e c t i o n  are replaced by t h e  va lues  of t h e s e  quan
t i t i e s  i n  the*nucleus.  F i n a l l y ,  w e  s h a l l  d i s regard  t h e  d i s s i p a t i v e  process  - i n  

-1
t h e  nucleus of t h e  flow, s i n c e  t h e i r  cont r ibu t ion  i s  propor t iona l  t o  Re . 
Then t h e  c o n t i n u i t y  equation has t h e  form 

pus= jS=Q=coi i s t ,  (2 .5)  

t h e  motion equation* 

and t h e  energy equat ion 

*Let us devote a t t e n t i o n  t o  t h e  f a c t  t h a t  t h e  motion equat ion i n  t h e  adopt
ed approximation does not  contain t h e  second v i s c o s i t y .  
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H e r e  v v and z 

W e  s h a l l  p resent  t h e  i n t e g r a l  forms of t h e  motion equat ion 

and the  energy equat ion 

P 


( 2 .  l o )  

where h is t h e  t o t a l  enthalpy of t h e  flow, F is t h e  l a t e r a l  s u r f a c e  of t h e  noz- I 1 4 5  
z l e  (qo > 0 ,  s i n c e  the  nozzle  i s  cooled) ,  and a l s o  t h e  equat ions of entropy 

change 

L e t  us pay a t t e n t i o n  t o  t h e  f a c t  t h a t  t h e  f i r s t  term is negat ive  i n  t h e  l a s t  ex
press ion  and t h e  second t e r m  is p o s i t i v e ,  s i n c e ,  genera l ly  speaking, t h e  s i t u a 
t i o n  i s  p o s s i b l e  when A s  = 0 ,  i.e., t h e  process is i s e n t r o p i c  but  not  a d i a b a t i c  
[6]  (we do not  consider  t h e  change i n  entropy due t o  nonequilibrium processes) .  

The p a r t i c u l a r  cont inui ty  equat ions,  as is not  d i f f i c u l t  t o  be convinced, 
have t h e  form 

(2.111 


H e r e  t h e  average va lues  with respec t  t o  t h e  c ross  s e c t i o n  are replaced by t h e  
values  i n  t h e  nucleus,  and 

1.10 = ( i i r  n)". (2.12) 

The i n t e g r a l  form of t h e s e  equat ions is as follows: 

(2.13) 
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I f  t h e  nozzle  w a l l s  are impermeable and r e a c t i o n s  do n o t  occur i n  them, 
then li0 = 0 and qo reduces t o  t h e  term - x (aT/an)o.  The v a l u e  of the la t ter  

depends on the.law of heat t r a n s f e r  from gas t o  w a l l .  Newton's law is used most 
of ten :  

where a is  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t .  Experimental r e l a t i o n s h i p s  of the 
Nussel t  number, Nu = a r o / x  , t o  t h e  Reynolds number, Re = r0V / v ,  f o r  t h e  param

eter of t h e  P r a n d t l  number, P r  = ne
P 
/.x = v /x ,  are u s u a l l y  employed. L e t  us 

n o t e  t h a t  t h e  v a l i d i t y  of Newton's l i n e a r  l a w  is doubtful  i n  t h e  case of l a r g e  
temperature drops (convective,  n o t  r a d i a n t ,  h e a t  exchange i s  taken i n t o  account).  

S t r i c t l y  speaking, t h e  problem concerning h e a t  exchange of a gas  with a 
nozz le  w a l l  should b e  solved j o i n t l y  with t h e  determinat ion of f r i c t i o n  on t h e  
w a l l  w i t h i n  t h e  framework of boundary l a y e r  theory. I f  t h e  compress ib i l i ty  of 
the gas,  t h e  presence of a l o n g i t u d i n a l  pressure  g r a d i e n t ,  and t h e  t r a n s i t i o n  
of t h e  laminar boundary l a y e r  t o  a t u r b u l e n t  one are taken i n t o  account,  t h i s  
type of problem w i l l  be  too  awkward. However, eva lua t ions*  of the c o n t r i b u t i o n  
of v i s c o s i t y  t o  t h e  equat ion of motion i n  t h e  v i c i n i t y  of t h e  c r i t i c a l  c ross  
s e c t i o n  ( s u b s c r i p t  -k denotes t h e  c r i t i c a l  c r o s s  s e c t i o n )  

and t h e  c o n t r i b u t i o n  of h e a t  exchange t o  t h e  energy equat ion 

(2.15) 

i n d i c a t e  t h a t  t h e  r o l e  of t h e  d i s s i p a t i v e  processes  i s  g e n e r a l l y  s m a l l .  In this1146 
case w e  can l i m i t  ourselves  t o  consider ing them i n  t h e  f i r s t  and s imples t  ap
proximation, L e . ,  P r  = 1; t h e  e f f e c t i v e  thicknesses  of t h e  dynamic and thermal 
boundary l a y e r s  coincide,  and t h e  boundary l a y e r  is considered f o r  an incom
p r e s s i b l e  f l u i d  i n  a laminar regime i n  t h e  absence of a l o n g i t u d i n a l  pressure  
grad ien t .  Then t h e  e f f e c t  of t h e  d i s s i p a t i v e  processes  can b e  evaluated w i t h  
t h e  a i d  of t h e  s imples t  r e l a t i o n s h i p s  of t h e  type (2.14) and (2.15). It should 
b e  borne i n  mind that t h e  boundary l a y e r  theory i s  n o t  c o r r e c t  f o r  s m a l l  dimen
s i o n s  of s t reamlined bodies (T0 -F m when z + 0).  The d i f f i c u l t y  is  el iminated 

by using i n t e g r a l  forms of (2.9) and (2.10). 

I f  w e  assume t h e  ex is tence  of l o c a l  thermodynamic equi l ibr ium, t h e  system 
w i l l  b e  charac te r ized  by ordinary temperature and an equat ion of s ta te  which 

*These eva lua t ions  are obtained n a t u r a l l y  i n  13. 
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is  a Clapeyron equat ion with good accuracy (m is t h e  molecular weight) 

R (2.16)p = p - T .m 

Systems of equations I[(2.5) , (2.6) , (2.7) , (2.11) , (2.16)] o r  II[(2.5) , 
(2.9) , (2.10) , (2.13) , (2.16)] , toge ther  with t h e  condi t ion of normalizat ion of 
ei(;ei = l ) ,  t h e  condi t ion of e l e c t r o n e u t r a l i t y  of the system on t h e  whole (in 

2 
t h e  presence of i o n i z a t i o n ) ,  t h e  r e l a t i o n s h i p s  of material balance,  and t h e  cor
responding boundary-layer equat ions,  are closed wi th  r e s p e c t  t o  t h e  sought vari
a b l e s  p ,  l', p, V ,  e.z and t h e  a u x i l i a r y  terms T~ and qo. 

53. I n v e s t i g a t i o n  - Equationsof 

W e  s h a l l  i n v e s t i g a t e  system of equations I f o r  an a r b i t r a r y  r e a c t i n g  gas 
i n  complete o r  p a r t i a l  thermodynamic equilibrium. 

W e  s h a l l  p r e l i m i n a r i l y  present  here  some u s e f u l  thermodynamic r e l a t i o n 

sh ips .  From t h e  known expression [2] (V = p 
-1 is t h e  s p e c i f i c  volume) 

w e  ob ta in  

The i n e q u a l i t y  s i g n  is determined by t h e  t o t a l  h e a t  e f f e c t  of t h e  reac t ions  i n  
t h e  system when p = const.  I f  t h e  system absorbs h e a t  with t h e  i n c r e a s e  of T 
when p = const ,  (a I n  V / a  I n  T )

P 
> 1. Furthermore, i n  v i e w  of 

and using (3.1), w e  obta in  

The s i g n  of t h i s  i n e q u a l i t y  coincides  with t h e  i n e q u a l i t y  s i g n  i n  (3.1). 
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Introducing t h e  des igna t ions  f = d i n  f / d  In S, w e  s h a l l  reduce system 1 1147 
t o  t h e  following form: 

Here A T  and A
4 

are determined by ( 2 . 1 4 )  and (2.15). Hence, f o r  u, w e  obta in  t h e  

following equat ion w i t h  t h e  a i d  of (3 .1)  and ( 3 . 2 ) :  

(3 .7)  
=-1--A/tan e + x A / s i n  e. 

4 4  
-

The expressions f o r  F, T and are obtained by s u b s t i t u t i n g  7 from (3 .7)  i n t o  
t h e  reduced form of system I. 

We s h a l l  p resent  another  form of t h e s e  equations: 

For an  i d e a l  gas ,  ( 3 . 7 ) ,  ( 3 . 8 ) ,  and (3 .9)  have t h e  form 

(M2-l)8=1--Az/tan 0 + A / s i n  0 ;
4 

d l n p  -- - q M 2 - (AT/tan e + A / s i n  e ;d l n v  4 
d l n T  

d l n u - (7 -1)Mz+(-,/sin O)/a. 


The expression f o r  t h e  v e l o c i t y  grad ien t  from (3 .7)  is t h e  following 
(dS = P tan edz): 

(3.10) 
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The s i n g u l a r  po in t  of a l l  these  equations i s  t h e  p o i n t  where M = 1. I n  an 
i s e n t r o p i c  case, when A T  = A

4 
= 0,  t h e  s i n g u l a r  p o i n t ,  as follows from (3.10), 

is  s i t u a t e d  i n  the c r i t i ca l  c ross  s e c t i o n  of t h e  nozzle ,  w h e r e  t a n  e = 0 .  In a 
nonisent ropic  case, t h e  s i n g u l a r  p o i n t ,  genera l ly  speaking, does n o t  coincide 
wi th  t h e  c r i t i ca l  c ross  s e c t i o n :  i t s  coordinate  i s  determined from the condi
t i o n  tan f3 - xTXT + 2 X /cos e = 0 o r ,  i n  v i e w  of t h e  smallness of A T  and X

4'4 4  
from t h e  condi t ion t a n  e w x - 2 X . L e t  us t u r n  our a t t e n t i o n  t o  t h e  graph-

T T  4 4  
i c  t reatment  of t h e  p o i n t  where M = 1, f o r  an i d e a l  gas wi th  h e a t  exchange d is 
regarded: t h i s  p o i n t ,  where t h e  r e l a t i o n s h i p  p s i n  8 = T0cos 8 occurs,  <.e . ,  
t h e  p o i n t  where t h e  t o t a l  e f f e c t  of pressure  and f r i c t i o n  aga ins t  the nozzle  
w a l l  on the gas along a x i s  z is equal  t o  zero,  whereby the t o t a l  e f f e c t  deceler
erates t h e  gas before  t h i s  p o i n t ,  and accelerates i t  a f t e r  t h i s  .point  [ 6 ] .  

The nozzle  p r o f i l e  near  t h e  c r i t i ca l  c ross  s e c t i o n  has  t h e  form ( k  > 0 )  

where 5 = ( z -z , ) / z  (2 is  a c e r t a i n  length  s c a l e ) .  It is n o t  d i f f i c u l t  t o  be /148 
convinced with t h e  a i d  of (3.10) t h a t  i n  a nonisent ropic  case M, = v / c ,  i s  then 
expressed i n  t h e  following manner: 

where x is a c e r t a i n  c o e f f i c i e n t .  Since M* increases  monotonically upon t r a n s i 

t i o n  t o  t h e  c r i t i ca l  c ross  s e c t i o n ,  k = -(i and j are n a t u r a l  numbers).2i -k2 j  + 1 
W e  s h a l l  l i m i t  ourselves  t o  t h e  s imples t  case of i = j = 0 ,  i . e . ,  k = 1. This 
means w e  are consider ing t h e  nozzle  p r o f i l e  i n  t h e  v i c i n i t y  of t h e  c r i t i c a l  
cross  s e c t i o n  of a c i r c u l a r  a r c  ( i f  t h e  rad ius  of t h e  c i r c l e  i s  Bo*, then 2 

42r0*RO*). Then t h e  grad ien ts  of a l l  q u a n t i t i e s  i n  t h e  c r i t i c a l  c ross  s e c t i o n  

are f i n i t e .  I n  connection wi th  t h i s ,  w e  s h a l l  t u r n  our a t t e n t i o n  t o  t h e  e r r o r s  
made i n  [ 5 ] ,  t h e  author  of which states t h a t  t h e  grad ien ts  of a l l  q u a n t i t i e s  i n  
the  c r i t i ca l  c ross  s e c t i o n  are i n f i n i t e ,  regard less  of nozzle  p r o f i l i n g .  The 
d i s s i p a t i v e  processes i n  t h e  nucleus near  t h e  c r i t i ca l  c ross  s e c t i o n  are taken 
i n t o  account i n  [5] t o  e l i m i n a t e  t h i s  s i t u a t i o n ,  which is unnecessary wi th  t h e  
appropr ia te  p r o f i l i n g  of t h e  nozzle ,  as w e  shall see. The a n a l y t i c a l  e r r o r s  
made i n  [5] a r e  explained n o t  only by n o t  tak ing  i n t o  account nozzle  p r o f i l i n g ,  
b u t  a l s o  by making a r b i t r a r y  assumptions (when taking d i s s i p a t i o n  i n  t h e  nucleus 
near  t h e  c r i t i ca l  c ross  s e c t i o n  i n t o  account) with r e s p e c t  t o  t h e  e q u a l i t y  of 

d2
U / h 2  and d2T / &  2 t o  zero i n  t h e  c r i t i ca l  c ross  sec t ion .  

For t h e  va lue  of dM,/dc i n  t h e  s i n g u l a r  p o i n t  when k = 1and t h e  s m a l l  
q u a n t i t i e s  x X and x X a r e  cons tan t ,  we  o b t a i n  t h e  following from (3.10):

T T  4 4  
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o r ,  neglec t ing  terms of t h e  second o r d e r  of smallness, 

(3.11) 

In v i e w  of th is  s m a l l  divergence of the s i n g u l a r  p o i n t  and the c r i t i ca l  c r o s s  
s e c t i o n ,  a l l  q u a n t i t i e s  i n  (3.11) are taken i n  t h e  c r i t i c a l  c ross  s e c t i o n ,  where

upon P w = (a2p/a?)s > 0, as i t  is  t r a d i t i o n a l l y  assumed i n  gas dynamics [l], 
although t h e  c e r t a i n i t y  of t h e  s i g n  on p 

W 
f o r  a r b i t r a r y  substances does n o t  f o l 

low from thermodynamics. 

A n  a n a l y s i s  i n d i c a t e s  t h a t  

i n  t h e  s i n g u l a r  p o i n t  of system 

through t h e  s i n g u l a r  p o i n t  does 
t ion. 

t h e  g r a d i e n t s  of a l l  t h e  q u a n t i t i e s  are f i n i t e  

I when r/ro* = 1 +52 + ... since t h e  t r a n s i t i o n  

n o t  cause d i f f i c u l t i e s  i n  t h e  s p e c i f i c  calcula

54. General Order of Calcula t ion  

The s p e c i f i c  problem should b e  solved w i t h  success ive  complication of i t s  
statement.  For t h e  s p e c i f i c  thermodynamic condi t ions  a t  t h e  nozz le  i n l e t ,  p + ,  
T+, etc., and t h e  s p e c i f i c  nozz le  conf igura t ion ,  t h e  i s e n t r o p i c  flow of a cor

responding i d e a l  gas should b e  considered according t o  known formulas of t h e  
type 111 

where M* = v/c,. 

An i s e n t r o p i c ,  completely equi l ibr ium flow of a s p e c i f i c  r e a c t i n g  gas  
should b e  ca lcu la ted .  The c a l c u l a t i o n  i n  this  case amounts to  f i n d i n g  the quan
t i t i es  i n  t h e  c r i t i ca l  c ross  sec t ion .  It is convenient t o  use  a W - s diagram. 
A t  each p o i n t  of t h e  vertical  s = const  = S+ below t h e  i n i t i a l  po in t  p +' T+ we / I 4 9  

s h a l l  c a l c u l a t e  t h e  q u a n t i t i e s  h = w f- e 21 2  and i = pc; we s f i a l l  f u r t h e r  ca1
c u l a t e  t h e  values  of v e l o c i t y  a t  t h e  nozz le  i n l e t  by the two p o s s i b l e  methods, 

z.e., 'u+l = J2(h - u+) , and v + ~= i / p  +cs+'* t h e  p o i n t  where 2;1= v + ~is c r i t i ca l ;  
2t h e  sought cons tan ts  h, = W* + c*/2 and Z,  = p*c, = j, are determined i n  i t ;  

f i n a l l y ,  s i n c e  W and p are known a t  each p o i n t  on t h e  ver t ical  s = const  = s+' 
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w e  s h a l l  c a l c u l a t e  t h e  f i n i t e  q u a n t i t i e s  v = &(h, - w), j = p~ and 0 = i*/i. 
Thus, p and T ,  w and p, v and j are known f o r  each Q (or  2). Graphs of t h e  
q u a n t i t i e s  W, s, c and p as func t ions  of T with t h e  parameter p ( o r  conversely) 
can b e  used i n s t e a d  of t h e  w - s diagram with equal  success.  

It i s  u s e f u l  t o  compare both  ca lcu la t ions .  

The nonisent ropic  n a t u r e  of t h e  flow due t o  f r i c t i o n  and h e a t  exchange with 
even more complete thermodynamic equi l ibr ium should b e  taken i n t o  account i n  t h e  
following s tage .  The c a l c u l a t i o n  i s  performed from the c r i t i ca l  c ross  s e c t i o n  
i n  both d i r e c t i o n s ,  by numerical  i n t e g r a t i o n  of system I [ ( 2 . 5 ) ,  (2.6), (2.7), 
(2.11), (2.16)] (see, f o r  example, [ 7 ] ) .  The state  i n  t h e  cri t ical  cross  sec
t i o n  is adopted as t h a t  which w a s  obtained i n  t h e  i s e n t r o p i c  flow of a r e a c t i n g  
gas. Expressions of type  (3.11) must be used d i r e c t l y  i n  the v i c i n i t y  o f  t h e  
c r i t i ca l  cross  sec t ion .  It is  n a t u r a l  that t h e  va lues  of p +,T+, etc. a t  the 

nozzle  i n l e t  which are obtained as  a r e s u l t  of t h e  c a l c u l a t i o n ,  w i l l  d i f f e r  from 
t h e  given va lues ,  although t h e  d i f f e r e n c e ,  i n  v i e w  of t h e  estimates (2.14) and 
(2.15), should n o t  b e  g r e a t .  A series of similar c a l c u l a t i o n s  f o r  var ious  valu
es of p + and T+ makes i t  p o s s i b l e  t o  i n t e r p o l a t e  and f i n d  t h e  sought d i s t r i b u 

t i o n s  of a l l  q u a n t i t i e s  along the  nozzle  length  f o r  t h e  given va lues  of p + and 

T+ 

Allowance f o r  chemical nonequilibrium of t h e  flow i n  t h e  presence of l o c a l  
thermodynamic equi l ibr ium which w e  always assume, { . e . ,  t h e  e x i s t e n c e  of l o c a l  
Maxwell d i s t r i b u t i o n  of p a r t i c l e  v e l o c i t y ,  is more important than  allowance f o r  
f r i c t i o n  and h e a t  exchange, which makes i t  p o s s i b l e  t o  use  t h e  conventional def
i n i t i o n s  of a l l  thermodynamic q u a n t i t i e s .  A t  t h e  nozzle  inlet ,  a l l  characteris
t ics ,  including t h e  chemical composition of t h e  gas ,  are n a t u r a l l y  equilibrium. 
I n  t h e  convergent p o r t i o n  of t h e  nozzle ,  i n  v i e w  of the low rate of gas flow, 
t h e  devia t ions  from chemical equi l ibr ium are s m a l l ,  b u t  they can b e  extremely 
e s s e n t i a l  i n  t h e  divergent  por t ion .  Therefore,  allowance f o r  nonequilibrium, 
f i r s t  d i s regard ing  f r i c t i o n  and h e a t  exchange, i s  b e s t  made i n  t h e  order  of 
successive complication of t h e  s ta tement  of the  problem i n  the  following manner: 
t h e  f i r s t  two s t a g e s ,  i.e., t h e  completely "frozen" and completely equi l ibr ium 
flow regimes, are considered; t h e  flow regime t h a t  i s  completely equi l ibr ium i n  
t h e  convergent p o r t i o n  (ca lcu la ted)  and completely "frozen" i n  t h e  divergent  por
t i o n  should be considered i n  t h e  second s t a g e ;  f i n a l l y ,  t h e  flow regime t h a t  i s  
equi l ibr ium i n  t h e  convergent p o r t i o n  and nonequilibrium i n  t h e  divergent  por
t i o n ,  whereby d i f f u s i o n  can be neglected,  since w e  do n o t  success ive ly  consider  
t h e  d i s s i p a t i v e  processes  i n  t h e  nucleus of t h e  flow; t h e  devia t ions  from chemi
cal equi l ibr ium i n  t h e  convergent p o r t i o n  from t h e  nozzle  i n l e t  t o  t h e  v i c i n i t y  
of t h e  c r i t i ca l  c ross  s e c t i o n  should be est imated a t  t h e  concluding s t a g e ;  i f  
t h e  devia t ion  is n o t  too s m a l l ,  t h e  problem is  extremely complicated, since 
s a t i s f a c t i o n  of t h e  condi t ion  i n  t h e  c r i t i ca l  c ross  s e c t i o n ,  V* = e*, can then 
b e  achieved only by v a r i a t i o n  of V+ (more exac t ly ,  see §5). 

F i n a l l y ,  in .  t h e  l a s t  s t a g e  of t h e  c a l c u l a t i o n ,  i t  is necessary t o  consider  
f r i c t i o n  and h e a t  exchange on t h e  nozzle  w a l l s  i n  a nonequilibrium regime of 
flow by t h e  method descr ibed above. 
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A comparison of t h e  r e s u l t s  of the.  var ious  c a l c u l a t i o n  s t a g e s  graphica l ly  
i n d i c a t e s  t h e  relative v a l u e  of each of t h e  considered f a c t o r s .  

25. Statement of t h e  Problem /150 

It is  required,  f o r  example, t o  c a l c u l a t e  t h e  nonisent ropic  equi l ibr ium 
flow of a l i t h i u m  plasma through a nozz le  w i t h  f r i c t i o n  and heat exchange taken 
i n t o  account. 

The cons idera t ion  r e f e r s  t o  t h e  region of t h e  p-T diagram i n  which: 1) 
t h e r e  i s  no l i t h i u m  vapor condensation; 2) d i s s o c i a t i o n  recombination and double 
i o n i z a t i o n  of L i  atoms and t h e i r  nega t ive  ions  can b e  neglected.  Thus, t h e  flow 
is  accomplished i n  a homogeneous gaseous phase, where t h e r e  i s  only  L i  (l),

+L i  (2), and e l e c t r o n s  ( 3 ) .  

W e  s h a l l  provide t h e  necessary thermodynamic information. From t h e  normal
i z a t i o n  condi t ion (xi = N z. / N  are t h e  molar f r a c t i o n s  of Ki p a r t i c l e s )  , xl + x2 + 
x3 = 1, t h e  condi t ion  of e l e c t r o n e u t r a l i t y ,  x2 = x3, and t h e  law of e f f e c t i v e  

m a s s  (K
P 

is  t h e  equi l ibr ium constant  of s i n g l e  L i  i o n i z a t i o n ) ,  x2x3/x1 = Kp/PY 
w e  obta in  an expression f o r  t h e  degree of L i  i o n i z a t i o n  as a func t ion  of p and 
T :  

3 =  (I+p,'K"-''Y, (5 1) 

whereby 

3
The molecular weight [g/mole] and t h e  dens i ty  [g/cm ] have t h e  form 

1m = m  ,=E- TmHT -0 , 0 1 2 1 9 ~ ,  (5.2)
I t + ? '  

where p is  i n  a t m  and 4 i n  OK ( a l l  phys ica l  cons tan ts  from [s]). 
The expressions f o r  enthalpy and i n t e r n a l  energy (both i n  [ca l /g] )  a r e  con

vent iona l  : 

where Hi and Vi (Hi - Ui = RT) are t h e  molar enthalpy and i n t e r n a l  energy (both 
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i n  [cal /molel)  .* 
Entropy has  t h e  form 

( 5 . 4 )  

where S .
2 

[cal/mole*deg] i s  t h e  molar entropy of Ki without  nuc lear  s p i n  taken 

i n t o  account [9]. 

The expression f o r  h e a t  capac i ty  with correspondingly p or  V = const  (both 
i n  [ca l /g*deg])  have t h e  following form: 

( 5 . 5 )  

where Cpis Cui, (epi - Cvi = R )  and QP” Qv are t h e  molar h e a t  c a p a c i t i e s  of Ki 
and t h e  thermal e f f e c t s  of L i  i o n i z a t i o n ,  respec t ive ly ,  when p o r  V = const.  
The corresponding completely “frozen” h e a t  c a p a c i t i e s  , ePf and ev f  are evident-/151 

l y  equal  ( s u b s c r i p t  f denotes “ f rozen“) ,  

The v e l o c i t y  of sound is  expressed by t h e  formula 

(5.7) 

where y = eP/ev’ The f rozen  v e l o c i t y  of sound is obviously equal  t o  

*U. is taken from a handbook s i m i l a r  t o  [9] ,  whereby t h e  i o n i z a t i o n  poten
2. 

a1 of L i ,  I = 5.39 e V  = 124,300 cal/mole,  should be added t o  H 2  and U 2 .  
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It is  p e r t i n e n t  h e r e  t o  r e f i n e  t h e  concept introduced i n  54 concerning t h e  
f rozen  state. W e  s h a l l  assume that a t  each p o i n t  of t h e  nozzle  t h e r e  e x i s t s  
equi l ibr ium n o t  only wi th  r e s p e c t  t o  t r a n s l a t i o n a l  b u t  a l s o  internal degrees of 

freedom ( e l e c t r o n i c  e x c i t a t i o n  of L i  and L i+  i n  t h i s  c a s e ) ;  along t h e  nozzle ,  
however, p a r t i c u l a r l y  i n  t h e  divergent  p o r t i o n ,  t h e r e  may be devia t ions  from 
chemical equi l ibr ium, i . e . ,  t h e  chemical composition i n  z = z 2 ,  where p = p 

2 
and T = T2, is  indeed what i t  should b e  a t  equi l ibr ium i n  z = z 1 < z 2 ,  where 

T = T1 > T2 and p = p1 > p 2  (see f i g u r e ) .  Thus, t h e  composition, as i t  w e r e ,  
l a g s  behind t h e  thermodynamic evolu t ion  of t h e  
flow, s o  t h a t  i n  c a l c u l a t i o n s  of f rozen  ( i n  t h e  
s e n s e  of 54)  f low regimes, t h e  composition i s  f i x e d  
from t h e  f r e e z i n g  p o i n t  z* i n  formulas (5.2), (5.3), 
(5.4), (5.6), and (5.8). I f  t h e  equi l ibr ium com
p o s i t i o n  is s u b s t i t u t e d  i n t o  (5.6) and (5.8), how
ever ,  t h e  va lues  of t h e  q u a n t i t i e s  t h a t  are com
p l e t e l y  f rozen  w i t h  regard t o  s m a l l  d i s turbances  
are obtained. These q u a n t i t i e s  have no r e l a t i o n 
s h i p  t o  t h e  c a l c u l a t i o n  of flows t h a t  are frozen 
with regard t o  chemical composition. 

' The q u a n t i t i e s  i n  t h e  nonequilibrium regime 
which inc lude  t h e  d e r i v a t i v e s  of composition wi th  
regard t o  any thermodynamic parameter, when some 
o t h e r  thermodynamic parameter (e

P' ez), y, e) i s  
Diagram of Dependence of cons tan t ,  are n o t  determined. That i s  p r e c i s e l yB on z .  

why t h e  t reatment  of t h e  t r a n s i t i o n  of a non
equi l ibr ium gas through t h e  c r i t i ca l  c ross  s e c t i o n  
i s  fundamentally unclear .  Such a t reatment  is 
given in 56. 

The fol lowing equat ions should b e  used when c a l c u l a t i n g  an equi l ibr ium flow: 

pus =const; (5 .9 )  

(5.10) 

(5.11) 

(5.12) /152 

(5.13) 
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This is  a system of f i v e  equat ions with four  unknowns ( p ,  T,  p, V ) .  Any of t h e  
equations can be used f o r  a check when c a l c u l a t i n g  t h e  o t h e r  four.  The va lue  
of ( a  I n  T / a  I n  p ) w  is  determined according t o  (3.2). The q u a n t i t i e s  T~ and qo 

i n  t h e  s imples t  approximation ( 5 4 )  are determined as follows [I]: 

(5.14) 

(5.15) 


Th i n i t i  1 equations,  (2.5), (2.6), (2.7) and (2.16), should be used when 
c a l c u l a t i n g  a nonequilibrium f low,  whereby t h e  enthalpy i n  (2.7) i s  determined 
from (5 .3 )  and has  t h e  form 

The p a r t i c u l a r  c o n t i n u i t y  equat ions i n  t h e  given case are reduced t o  one 
equat ion wi th  r e s p e c t  t o  degree of i o n i z a t i o n  

(5.17) 

where k is  t h e  Boltzmann constant ;  cx [cm3/ sec]  is t h e  L i  recombination c o e f f i c i 
e n t  according t o  t h e  Thompson theory [ l o ] .  

Expression (5.17) i s  obtained from (2.11) wi th  d i f f u s i o n ,  t h e  use of t h e  
r e l a t i o n s h i p  f o r  ei and xi (ei/mi = x { / m ) ,  and t h e  representa t ion  f o r  a s i n g l e  

considered r e a c t i o n  disregarded:  

. --d - +;I+$- e +;1Z 0 

The expression f o r  0 is  i n  t h e  following form: 

56. 	 T r a n s i t i o n  of a Nonequilibrium Gas Throuph the 
Cr i t i ca l  Cross Sect ion of a Nozzle 

The equat ions of hydrodynamics are solved h e r e  i n  t h e  f i r s t  two approxima
t i o n s  f o r  s m a l l  r e l a x a t i o n  parameters,  taking i n t o  account t h e  r e l a x a t i o n  
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processeg for stationary flows of a nonequilibrium gas in the vicinity of the 

critical cross section of a nozzle and the following states: 1) close to equi

librium; 2) close to completely nonequilibrium (frozen). 

The equations of the flow of a nonequilibrium gas, with ordinary viscosity 
and thermal conductivity disregarded, have a well-known form (designation ac
cording to [l]3 : 

d3-1+divpv=0;dt 


p -dt 
dv +vp=o;  

dr . d V 
; I I t  P x - 0 .  

By comparing the energy equation with the general thermodynamic expression I153  

where 5 are nonequilibrium parameters, we obtain the entropy balance equation:n 

It may be assumed that.therates of change of the nonequilibrium parameters are 
determined only by "chemical" potentials, i.e . ,  the following "kinetic" equa
tions are valid: 

where Lm yLmz' ... are kinetic coefficients. The condition of entropy incre

ment over time imposes definite restrictions on the notated forms. 


The given system of equations is closed by the expansion of the independent 
quantities ( p ,  En and T )  with respect to the independent parameters ( V ,  5n and 
s) to the necessary orders of smallness. 


Let us consider the stationary, quasi one-dimensional flow of a nonequili

brium gas through a nozzle in the vicinity of the critical cross section. In 

connection with the degeneration of the hydrodynamic equations in the critical 

cross section, the expansions of the dependent quantities should be taken with 

terms no less than of the third order of smallness. We shall limit ourselves 

to the simplest form of expansion and consider for simplicity only one nonequi

librium parameter; we then obtain 
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Here the prime refers to deviations from the state in the critical cross sec
tion, where all thermodynamic parameters are being calculated; the subscript 
letters denote differentiation; the numbers above the terms indicate their order 
of smallness*. The expansion for T', in view of the smallness of s ' ,  has the 
form of IT' = 0 .  

The form of expansions (6.1) and (6.2) assumes that all derivatives are 
taken for a fixed composition, ; . e . ,  that they are frozen. The relationships 
between the equilibrium and frozen values of the thermodynamic parameters are 
obtained by substituting the equilibrium value of 5 '  from the condition E 

5 
= 0 

into (6.1), and they have the following form: 

where the subscripts 0 and m refer to the equilibrium and frozen states, re
spectively. The differences in the remaining derivatives can be disregarded in 
the cubic order of expansion adopted. 

We shall introduce the following dimensionless variables: /154 

where is a characteristic dimension. Then the investigated system of equa

tions has the following form: 


+=1; (6.4) 

d n  
x -

dp + a q =  0;
d? 

7~ -1=-xlm (k-1)+'/z~za, (A -1)' -l / s~g ' (A  - + 
' +8,(v -1);+ql-SG (A -l)] 

*As in [ll], we shall assume that the order of smallness of p 
5 is equal to 

112. Then the order of 5' is equal to 312 and the order of s' is equal to 3. 
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where the relaxation time 


The subscript * refers to the critical cross section. 
The combination of equations (6 .4 ) - (6 .8 )  makes it possible to obtain an equa

tion for the velocity gradient. The singular point of this equation determines 
the "crisis" of nonequilibrium flow (see, for example, [ 6 ] ) .  This quest:ionwill 
be discussed below. 

A small relaxation parameter may be 0 or 0-1. When 0 +- 0 ,  the gas state is 
close to equilibrium; when 0 -1 + 0 ,  it is close to the frozen state. We shall 
seek the solution to system (6 .4 ) - (6 .8 )  in the form of 

where w is a small relaxation parameter determined for each situation below. It 
is considered that the orders of smallness of the thermodynamic parameters Az1 
and Ax2 are equal to the order of smallness of 8 (or 0-l), ; . e .  , 1. 

For concreteness, we shall consider a nozzle whose profile in the vicinity 

of the critical cross section is approximated by a circular arc. Then 


(6  9 )  

where R, and r* are the radii of the circular arc and the critical cross section, 
respectively. 

1. State Close to Equilibrium 


From (6 .7 )  and ( 6 . 8 ) ,  in zero approximation ( 0  = 0 ) ,  we obtain 
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Using (6.9) and expanding t h e  s o l u t i o n  of t h e  system with respec t  t o  n, w e  ob- /155 
t a i n  i n  p a r t i c u l a r  x = x10, < . e .  , V* = eo is  t h e  equi l ibr ium "crisis" of t h e  

flow i n  t h e  c r i t i ca l  c r o s s  s e c t i o n  of t h e  nozzle.  The s o l u t i o n s  have t h e  form 

usual  [l], w e  consider  t h a t  p > 0) .  Thesewhere ct = x10'x20 
and 6 = ~ ~ / x ~ ~ ( a s  

W 
s o l u t i o n s  assume t h a t  t h e  va lues  introduced above f o r  a l l  func t ions  i n  t h e  cri
t i ca l  c ross  s e c t i o n  (Vk, v * ,  pk, s,J are equilibrium. 

I n  t h e  next approximation, (6.7) has  t h e  form 

whereupon expansion is performed with r e s p e c t  t o  t h e  n a t u r a l  parameter 

where e0 
and cooare t h e  equi l ibr ium and frozen v e l o c i t i e s  of sound, r e s p e c t i v e l y ;  

2
5 = Tp*(": - 0) i s  t h e  second v i s c o s i t y  c o e f f i c i e n t  [ l ] ;  and Re i s  t h e  corres

ponding Reynolds' number. The order  of smallness of w (or  Re-') i s  equal  t o  2.  
Equation (6.8) has t h e  form 

The s o l u t i o n s  (with r e s p e c t  t o  t h e  f i r s t  terms) are obtained as fol lows:  

X(1) =p") =2/3ash[7+ -38, -2Ax2/Axl] -. ..=	-4 5-337 -..., (6.14) 
3 . ( T  + I f ' %  

YW34x10aq+ ... =-q +  . ..; (6.15)437
r + l  
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(6.16) 

where t h e  expressions wi th  y = e / e  are given f o r  an  i d e a l  gas .  It i s  essen-P *  

t i a l w h e n  y < 5/3 t h a t  allowance f o r  nonequilibrium i n c r e a s e s  t h e  s p e c i f i c  vol
ume and v e l o c i t y  and decreases  t h e  pressure  i n  t h e  c r i t i c a l  c ross  s e c t i o n .  The 
g r a d i e n t s  of a l l  q u a n t i t i e s  i n  t h i s  case should b e  less i n  a b s o l u t e  va lue  than 
i n  t h e  equi l ibr ium s ta te .  For a monatomic gas  (y = 5/3) t h e  second v i s c o s i t y  
c o e f f i c i e n t  is equal  t o  zero,  and t h e  c h a r a c t e r i s t i c s  of flow i n  t h e  given con
s i d e r a t i o n  do n o t  change. The s a m e  q u a l i t a t i v e  r e s u l t s  are obtained a l s o  i n  a 
s impler ,  al though inaccura te ,  quadra t ic  i s e n t r o p i c  approximation, whereby devi
a t i o n s  from equi l ibr ium a r e  n a t u r a l l y  la rge .  

Without present ing  the  expressions f o r  t h e  r a t e  of f low a t  t h e  s i n g u l a r  
p o i n t  of system (6.4)-(6.8), l e t  us note  t h a t  i t  i s  obtained by formal d i f f e r 
e n t i a t i o n  of (6.6) when < = cons t ,  i . e . ,  a t  t h e  "crisis" of t h e  flow i t s  ve loc i 
t y  i s  equal  t o  t h e  f rozen  v e l o c i t y  of sound [12] ,  whereby t h e  va lue  of <' i s  tak
en from t h e  condi t ion  E5 = 0. However, i n  d i s t i n c t i o n  from [12],  t h e  crisis of/156 

nonequilibrium flow occurs i n  f i r s t  approximation not  i n  t h e  c r i t i c a l  c ross  sec
t i o n ,  but  a t  t h e  p o i n t  wi th  t h e  coordinate  

(6.17) 

< . e . ,  i n  t h e  divergent  por t ion .  It is  i n t e r e s t i n g  t h a t  t h e  amount of displace
ment i n  t h e  f i r s t  approximation i s  purely a thermodynamic parameter which i s  
not  equal  t o  zero even when 0 = 0. The paradoxical  n a t u r e  of t h e  s i t u a t i o n  f o r  
an equi l ibr ium gas i s  t y p i c a l  f o r  t h e  d e r i v a t i o n s  of r e l a x a t i o n  hydrodynamics 
[13] and [14] .  The amount of disulacement has  an order  of smallness  of 1. 

It should be borne i n  mind t h a t  a d e s c r i p t i o n  of t h e  flow of a nonequili
brium gas through a nozzle  by means of equat ions of ord inary  hydrodynamics with 
only t h e  bulk v i s c o s i t y  taken i n t o  account cannot be c o r r e c t .  This follows 
from t h e  g e n e r a l  f a c t  t h a t  t h e  very concept of t h e  second v i s c o s i t y  c o e f f i c i e n t  
is meaningful only f o r  hydrodynamic equat ions i n  l i n e a r  approximation [14] ,  
while  t h e  flow through a nozzle  can b e  descr ibed only i n  t h e  h igher  approxima
t i o n s .  I n  p a r t i c u l a r ,  the r e s u l t  of (6.17) cannot genera l ly  be obtained with
i n  t h e  framework of ord inary  hydrodynamics. Actual ly ,  from t h e  c h a r a c t e r i s t i c s  
of t h e  flow t h e r e  can b e  constructed only two combinations which have t h e  dimen
s i o n  of t i m e  (Z/c and < / p ) ,  but  none i s  r e l a t e d  t o  t h e  microscopic r e l a x a t i o n  
t i m e .  I n  o t h e r  words, such a c h a r a c t e r i s t i c  time scale T0 as 

l im +0,p .  
TO+O 

does not  e x i s t  i n  ordinary hydrodynamics. 
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2. S t a t e  Close t o  Frozen 

From (6.7) and (6.8) , i n  zero approximation (6
-1 

= 0 )  , w e  o b t a i n  6 " )  = 

const = 0 and v ( O )  = 1, and equat ion (6.6) has t h e  n a t u r a l  form 

Using (6.9) and expanding t h e  s o l u t i o n  of t h e  system with respec t  t o  Q ,  w e  ob
t a i n ,  i n  p a r t i c u l a r ,  a = x < . e . ,  v* = cm is  t h e  "frozen c r i s i s ' '  of t h e  flow 

lmY 

i n  t h e  c r i t i c a l  c ross  s e c t i o n  of t h e  nozzle.  The s o l u t i o n s  have t h e  form of 
(6.10)-(6.12) wi th  t h e  replacement of and x z 0  by z 1m and c 2m. The in
t e g r a t i o n  cons tan t  6 " )  = 0 w a s  s e l e c t e d  i n  order  t h a t  no t  only t h e  s p e c i f i c  
volume and v e l o c i t y ,  but  a l s o  t h e  pressure ,  w e r e  f rozen i n  t h e  c r i t i c a l  c ross  
s e c t i o n .  

I n  t h e  next approximation, (6.7) has t h e  form 

whereby expansion i s  performed with respect t o  t h e  n a t u r a l  parameter 

the  order  of smallness of which i s  a l s o  equal  t o  2. It  is not  d i f f i c u l t  t o  be 
convinced from (6.8) t h a t  t h e  change i n  entropy has  an order  of smallness of 5 ,  
< . e . ,  the  s t a t e  c l o s e  t o  f rozen i s  more i s e n t r o p i c  than t h e  s t a t e  c l o s e  t o  equi
l ibr ium. Moreover, t o  o b t a i n  even t h e  grad ien ts  of t h e  f i r s t  approximation, i t  
i s  genera l ly  s u f f i c i e n t  t o  use t h e  quadra t ic  approximation f o r  p '  and E 5 instead1157 

of t h e  cubic approximation (6.1) and (6.2). The s o l u t i o n s  have t h e  form 

(6.19) 

(6.20) 

=' /3x lma93 +...; (6.21) 

(6.22) 
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where IT(')(O) = const  = 0 (see below) i s  the i n t e g r a t i o n  constant .  Thus, a 
s m a l l  d e v i a t i o n  from t h e  f rozen  state does n o t  change the v a l u e s  of t h e  cbrac
teristics i n  t h e  c r i t i ca l  c ross  s e c t i o n ,  The g r a d i e n t s  of a l l  q u a n t i t i e s  are 
smaller i n  a b s o l u t e  v a l u e  as compared t o  their f r o z e n  v a l u e s ,  

From t h e  t o t a l  r e s u l t  of V** = em%>\,i n  v i e w  of v* = em, i t  fol lows t h a t  

t h e  crisis of t h e  flow takes  p lace  i n  t h e  c r i t i ca l  c r o s s  s e c t i o n .  For t h i s  rea

son, ~ ( ~ ' ( 0 )must b e  equal  t o  zero.  

L e t  us no te  i n  conclusion t h a t  t h e  r e s u l t s  of t h i s  s e c t i o n  are n o t  d i f f i 
c u l t  t o  g e n e r a l i z e  f o r  t h e  case of an  a r b i t r a r y  number of nonequilibrium param
eters. I n  p a r t i c u l a r ,  i n s t e a d  of t h e  second v i s c o s i t y  c o e f f i c i e n t  i n  t h e  form 

2 2of 5 = T
P" 

x (em - eo>, t h e  following genera l ized  q u a n t i t y  appears:  

c= p, 2 7,  (c?,, -CZ),  (6.23) 
n 

where T n is  t h e  r e l a x a t i o n  t i m e  of parameter 5n and .Cmn i s  t h e  equi l ibr ium ve

l o c i t y  of sound f o r  t h e  same f rozen  parameter. 

L e t  us n o t e  t h a t  c a l c u l a t i o n  of t h e  nonequilibrium flow of a gas through a 
nozzle  of a r b i t r a r y  conf igura t ion  beyond t h e  c r i t i c a l  c ross  s e c t i o n  presents  no 
d i f f i c u l t i e s  i f  t h e  s ta te  of t h e  gas a t  t h e  i n i t i a l  po in t  of t h e  nozzle  ( i n  the  
convergent o r  divergent  por t ion)  i s  given p r e c i s e l y .  
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AN EXPERIMENTAL INVESTIGATION OF THE ESCAPE OF DISSOCIATED 
GASES THROUGH SUPERSONIC NOZZLES 

V. P. Ionov and G. N. Nikolayev 

I n  a s tudy  [l]which w e  publ ished earlier, i t  w a s  shown t h a t  t h e  region 1158 
behind t h e  r e f l e c t e d  shock wave i n  a shock tube  where t h e  gas is heated t o  a 
high temperature and is  p a r t i a l l y  d i s s o c i a t e d  can b e  viewed as t h e  r e s e r v o i r  
from which a gas flows through a supersonic  nozzle .  This conclusion w a s  based 
on d a t a  compiled from high-speed f i lming  of Topler d i s turbance  p a t t e r n s  i n  a gas 
flow during shock wave r e f l e c t i o n  from a w a l l  having a s m a l l  a p e r t u r e  lead ing  
i n t o  a d ivergent  channel,  < . e . ,  a supersonic  nozzle .  A thorough a n a l y s i s  of 
t h e  Tijpler photographs i n d i c a t e d  t h a t  a c e r t a i n  t i m e  i n t e r v a l  e x i s t s  i n  which a 
complex nons ta t ionary  flow is  observed i n  t h e  r e s e r v o i r  and nozzle  and a quasi-
s t a t i o n a r y  flow from t h e  r e s e r v o i r  t o  t h e  supersonic  nozzle  is e s t a b l i s h e d  be
hind t h i s  flow. 

I n  t h e  present  work, t h e  flow of a thermally d i s s o c i a t e d  gas i n  a superson
i c  nozz le  i s  i n v e s t i g a t e d .  For t h i s ,  opera t ing  condi t ions  of t h e  shock tube 
w e r e  s e l e c t e d  which ensured obtainment of a s u f f i c i e n t l y  high degree of gas d is 
s o c i a t i o n  behind t h e  r e f l e c t e d  shock wave. The parameters behind t h e  r e f l e c t e d  
shock wave w e r e  c a l c u l a t e d  according t o  t h e  l a w s  of conservat ion,  including high-
temperature gas thermodynamics, based on t h e  measured v e l o c i t y  of t h e  i n c i d e n t  
shock wave and t h e  i n i t i a l  p ressure  and temperature of t h e  gas. 

Two nozzle  conf igura t ions  w e r e  used i n  t h e  experiments: (1) a f l a t ,  
s t ra ight -wal led  nozzle;  t h i s  nozzle  has  two p a r a l l e l  w a l l s  and two w a l l s  which 
form a convergent channel, a s h o r t  p o r t i o n  wi th  a cons tan t  c r o s s  s e c t i o n ,  and a 
divergent  channel; t h e  c r i t i ca l  c ross  s e c t i o n  has  t h e  shape of a slit (width, 
1.9 mm); t h e  w a l l s  of t h e  divergent  channel are s t r a i g h t  and diverge a t  an angle 
of 20"; (2)  a x i s y m e t r i c  nozz les ;  i n  these ,  t h e  rad ius  d i s t r i b u t i o n  of t h e  c ross  
s e c t i o n  i s  along t h e  a x i s  i n  t h e  supersonic  p o r t i o n  according t o  hyperbol ic  l a w ;  
t h e r e  i s  a f u l l  20' angle  between asymptotes; t h e  c r i t i ca l  c ross  s e c t i o n s  are 
10.44 and 5.67 mm, and t h e  e x i t  c ross  s e c t i o n s  are 47.7 and 35.8 mm, respect ive
l y ;  t h e  lengths  from t h e  c r i t i ca l  t o  t h e  e x i t  c ross  s e c t i o n s  are 135 and 105 mm. 

The use of axisymmetric nozzles  having such a p r o f i l e  permit ted us t o  e f 
f e c t  a smooth t r a n s i t i o n  from t h e  c r i t i ca l  t o  t h e  exit  c ross  s e c t i o n  of t h e  noz
z le .  I n  a d d i t i o n ,  t h e  nozz le ' s  f a b r i c a t i o n  and i n s t a l l a t i o n  i n  t h e  opera t ing  
p o r t i o n  of t h e  se tup  w e r e  s impl i f ied .  

The parameters of t h e  flow and t h e  state of t h e  gas flowing from t h e  nozzle  
a t  supersonic  v e l o c i t y  w e r e  determined from an  a n a l y s i s  of t h e  p a t t e r n  of flow 
around models of var ious  shapes. For t h i s  purpose, w e  used t h e  method descr ibed 
earlier [l]: < . e . ,  high-speed frame photography of d i s turbances  v i s u a l i z e d  with 
t h e  a i d  of a Topler device.  I n  most of t h e  experiments,  a wedge placed asym
m e t r i c a l l y  a t  6" served as t h e  model. One of i t s  s i d e s  w a s  se t  i n  t h e  plane of 
symmetry of t h e  flow a t  t h e  nozz le  cu tof f .  A weak d is turbance  appeared from 
t h e  d i r e c t i o n  of t h i s  s i d e .  Its d i r e c t i o n  w a s  i d e n t i f i e d  with t h e  d i r e c t i o n  of 
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t h e  Mach l i n e .  Besides t h e  wedge, i n  some experiments a hemisphere and a cy- 1159 
l i n d e r  with t h e  g e n e r a t r i x  across  t h e  flow w e r e  i n s t a l l e d  a t  t h e  nozzle  cu tof f .  

The angles of i n c l i n a t i o n  of t h e  w e a k  dis turbance w e r e  measured e i t h e r  on 
photographic f i l m  (with an  instrument  microscope) o r  on impressions.  The m a i n  
e r r o r  during angle  measurement w a s  caused by d i f f u s i o n  of t h e  wave image on t h e  
wedge. The angles  on each frame of a series of photographs taken i n  a s e p a r a t e  
experiment w e r e  measured t h r e e  o r  four  t i m e s .  The average t ime-s tab i l ized  value 
(according t o  measurement on several frames) of t h e  angle  of i n c l i n a t i o n  of t h e  
waves w a s  a r e s u l t  of t h e  experiment. Photographs on which d r i f t  d i s t a n c e  of 
t h e  shock wave w a s  f i x e d  i n  f r o n t  of b l u n t  models w e r e  processed i n  a completely 
similar fashion.  

The supersonic  exit of a d i s s o c i a t e d  gas through a nozzle  placed a t  t h e  end 
of a shock tube i s  very complex. 

For an exac t  d e s c r i p t i o n  of t h e  flow p a t t e r n  and c a l c u l a t i o n  of the flow 
parameters i n  t h e  nozzle ,  it is  necessary t o  consider  t h e  nozz le  conf igura t ion ,  
t h e  f i n a l  v e l o c i t y  of d i s s o c i a t i o n  and recombination of molecules, h e a t  t rans
f e r  and f r i c t i o n  a t  t h e  nozzle  w a l l s ,  and o t h e r  processes.  

The following s i m p l i f i e d  flow p a t t e r n  w a s  examined t o  analyze t h e  q u a l i t a 
tive flow p i c t u r e  and t o  compare t h e  d a t a  obtained from determinat ion of t h e  M 
number of t h e  flow at  t h e  nozzle  cutoff  with t h e  c a l c u l a t e d  da ta .  

S i g n i f i c a n t  recombination of gas molecules occurs i n  t h e  process  of flow 
of t h e  d i s s o c i a t e d  gas from t h e  region behind t h e  r e f l e c t e d  shock wave through 
t h e  nozzle .  A r e d i s t r i b u t i o n  of energy a l s o  occurs between t h e  i n t e r n a l  degrees 
of freedom. This leads  t o  h e a t  release i n  t h e  gas volume. 

From t h e  number of p o s s i b l e  processes  of gas expansion, i t  is n a t u r a l  t o  
examine t h e  s i m p l i e s t  ( i s e n t r o p i c )  flow. W e  s h a l l  assume, t h e r e f o r e ,  t h a t  t h e  
processes i n d i c a t e d  (recombination and energy exchange between i n t e r n a l  degrees 
of freedom) occur s o  quickly t h a t  l o c a l  thermodynamic equi l ibr ium i s  achieved. 
Thus, a s h i f t  of chemical equi l ibr ium takes  p lace  i n  t h e  process of gas outflow, 
and t h e  gas enthalpy i s  determined s o  t h a t  i t  inc ludes  t h e  h e a t  of t h e  chemical 
reac t ion .  

For s i m p l i c i t y ,  a one-dimensional flow i s  examined. 

Taking what has  been s a i d  i n t o  account, t h e  fol lowing system of equations 
i s  used f o r  c a l c u l a t i o n  of t h e  flow parameters. 

1. The i s e n t r o p i c  equat ion i s  

where So is t h e  entropy of a uni t  mass of gas;  S i s  t h e  entropy of one mole of 

173 


I .  



gas mixture; S. is t h e  entropy of one mole of t he  mixture component; X. are
2 2 

molecular f r ac t ions  of the  mixture components; % are molecular weights of the  

mixture components; p is the  t o t a l  pressure of the  mixture. 

Taking So = const i n t o  account and excluding p by the  l a w  of e f f ec t ive  mass, 

the  expression can be  viewed as an i s en t rop ic  equation f o r  a dissociated gas i n  
temperature var iab les  T and degrees of d i ssoc ia t ion  a. 

The i sen t rop ic  equation appears as 

where 

5, =f l  ( T)=( S ,-S, )  +- so(p, -p.); 
f, =f, (T)=SI-So!l1 -R I I1 K p .  

H e r e ,  S1( T )  is  the  molar entropy of t he  molecular component; S 2 ( T )  is the  /160 
molar entropy of t h e  atomic component of t h e  gas; and K

P 
i s  the equilibrium con

s t a n t  of the  d issoc ia t ion  react ion.  K
P 

and the enthalpies  H1 and H 2 ,  which are 

necessary f o r  t he  ca lcu la t ion  of S1 and S2, w e r e  taken from the  tab les  i n  [2 ] .  

Assigning the  temperature, w e  a r r i v e  a t  the  coe f f i c i en t s  fl and f2, and 

then w e  solve the  transcendental  i s en t rop ic  equation with respect  t o  a with the 
Newton-Rathson method. 

2. For t h i s  temperature, w e  f ind  the  gas pressure with the  l a w  of effec
t i v e  m a s s  

i-a? p =3..K p  7.


3. The gas densi ty  i s  determined from the  equation of state of a dissoci
ated gas 

R p =P (1f a)j-qT .  

4. The s p e c i f i c  enthalpy of the mixture is calculated according t o  the  
values of molar enthalpy of the  components f o r  the given temperature and the 
degree of d i ssoc ia t ion  which has been found 

h =-I [a,( I  +a) +3211,l.
P1 
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where H 1 is t h e  molar enthalpy of t h e  molecular component and H2 i s  t h e  molar 

enthalpy of t h e  atomic component. 

5. W e  use  t h e  energy equat ion h, = h + u 2/ 2 .  This permits  us t o  c a l c u l a t e  

t h e  v e l o c i t y  of t h e  gas flow u according t o  t h e  v a l u e  of t h e  s p e c i f i c  enthalpy 
a t  a state of rest of t h e  gas and with enthalpy corresponding t o  t h e  s e l e c t e d  
temperature. 

6. To t r a n s f e r  t o  t h e  Mach number of t h e  flow which i s  an experimentally 
determined value,  it i s  necessary t o  c a l c u l a t e  t h e  v e l o c i t y  of sound f o r  t h a t  
p a r t i c u l a r  l o c a l  gas state.  The v e l o c i t y  of sound w a s  c a l c u l a t e d  on t h e  sup
pos i t ion .  t h a t  t r a n s l a t i o n a l  and r o t a t i o n a l  degrees of molecular freedom are ex
c i t e d  i n  t h e  sound wave, and t h a t  v i b r a t i o n  e x c i t a t i o n  and changes i n  t h e  g a s ' s  
chemical composition do n o t  take place.  Such a suppos i t ion  corresponds t o  con
temporary t h e o r e t i c a l  concepts concerning t h e  propagation of dis turbances i n  re
a c t i n g  media [3-61 and is confirmed i n  experimental  s t u d i e s  [7-81. 

I n  agreement wi th  [ 4 ] ,  w e  e s t a b l i s h e d  i n  our  experiments t h a t  a weak d is 
turbance i n  t h e  gas going from t h e  peak of t h e  wedge i s  determined by t h e  f rozen  
v e l o c i t y  of sound, which i s  c a l c u l a t e d  from t h e  r e l a t i o n s h i p  

H e r e ,  r i s  a c o e f f i c i e n t  whose va lue  f o r  t h e  given degree of d i s s o c i a t i o n  of 
t h e  diatomic gas i s  determined i n  accordance wi th  [ 9 ]  with  t h e  formula 

where Z = p/RpT is  a c o e f f i c i e n t  i n  t h e  equat ion of s ta te  which i s  determined 
by t h e  gas state;  1-1 is t h e  molecular weight of t h e  gas i n  t h e  absence of d i s 
s o c i a t i o n ;  mi i s  a molar f r a c t i o n  of t h e  i - t h  component; D .2 i s  t h e  number of 

degrees of molecular freedom of t h e  i - t h  component; and M.
2 

i s  i t s  molecular 
weight. 

Knowing t h e  v e l o c i t y  of sound and t h e  v e l o c i t y  of flow, w e  determine t h e  
Mach number M = u/a. 

Performing t h e s e  opera t ions  f o r  successive temperature va lues  i n  the di
r e c t i o n  of a decrease from i t s  o r i g i n a l  va lue  i n  t h e  r e s e r v o i r ,  w e  arrive a t  1161 
t h e  r e l a t i o n s h i p  between t h e  Mach number, gas d e n s i t y  and flow v e l o c i t y .  W e  
determine t h e  c r i t i ca l  values  of dens i ty  p, and gas v e l o c i t y  uCr from t h e s e  re

l a t i o n s h i p s ,  using t h e  condi t ions  M = Mer = 1. Fur ther ,  w e  use t h e  d i s c o n t i n u i t y  

equation p F = p u F  t o  e s t a b l i s h  t h e  dependence of t h e  flow parameters
cr cx CY 
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determined earlier ( p a r t i c u l a r l y  t h e  Mach number M = M(A))on t h e  dimensionless 
area of t h e  nozz le  A = F/Fc,. 

A s  a r e s u l t  of t h i s  c a l c u l a t i o n ,  a l l  of t h e  flow parameters (pressure ,  den
s i t y ,  temperature,  v e l o c i t y ,  degree of d i s s o c i a t i o n ,  and s p e c i f i c  enthalpy)  
proved t o  b e  r e l a t e d  t o  t h e  va lue  of t h e  nozz le ' s  dimensionless area. 

W e  c a l c u l a t e d  t h e  i s e n t r o p i c  expansion of oxygen i n  q u a s i  one-dimensional 
approximation from t h e  region behind t h e  r e f l e c t e d  shock wave i n  the shock tube 
by t h i s  method. These condi t ions  w e r e  i n  t u r n  c a l c u l a t e d  wi th  t h e  l a w s  of con
servat ior i  according t o  t h e  i n i t i a l  values  of temperature and gas p r e s s u r e  i n  
t h e  shock tube,  and according t o  t h e  shock wave v e l o c i t y  as measured by ioniza
t i o n  t ransducers .  

S i m i l a r  r e s u l t s  of c a l c u l a t i o n  of t h e  equi l ibr ium expansion of n i t r o g e n  
and carbon dioxide i n  nozzles  are achieved by a somewhat d i f f e r e n t  method, < . e . ,  
by graphic  i n t e g r a t i o n  of t h e  motion equation: 

which g ives  us t h e  dependence of flow v e l o c i t y  on p r e s s u r e  

The r e l a t i o n s h i p  between dens i ty  p and pressure  p ,  which i s  necessary f o r  
i n t e g r a t i o n ,  w a s  a r r i v e d  a t  i n  advance from thermodynamic parameter t a b l e s  f o r  
t h e  corresponding gases wi th  constant  entropy e s t a b l i s h e d  by condi t ions i n  t h e  
r e s e r v o i r .  Data f o r  n i t rogen  w e r e  taken from t a b l e s  compiled i n  t h e  E N I N  labora
t o r y  f o r  high-temperature gas dynamics and thermodynamics, and from [lo] f o r  
carbon dioxide.  The lower l i m i t  of i n t e g r a t i o n  w a s  determined by t h e  pressure  
i n  t h e  r e s e r v o i r ;  t h e  upper l i m i t  i s  v a r i a b l e .  The motion equat ion w a s  i n t e g r a t 
ed t o  a pressure  i n  t h e  e x i t  s e c t i o n  of t h e  nozzle  which w a s  of p r a c t i c a l  in
terest. The r e l a t i o n s h i p  between t h e  chemical composition of t h e  gas and pres
s u r e  w a s  e s t a b l i s h e d  by t h e  s a m e  t a b l e s .  Knowledge of t h e  cheinical composition 
i s  necessary t o  c a l c u l a t e  t h e  v e l o c i t y  of sound according t o  t h e  above-indicated 
method. The dependence of t h e  Mach number on pressure ,  and hence on gas dens i ty  
and flow v e l o c i t y ,  w a s  determined according t o  t h e  flow v e l o c i t y  and t h e  velo
c i t y  of sound. Fur ther ,  j u s t  as i n  t h e  previous case, t h e  c r i t i ca l  values  of 
gas dens i ty  and v e l o c i t y  w e r e  determined, and t h e  d i s t r i b u t i o n  of t h e  Mach num
b e r  as a func t ion  of t h e  dimensionless area of t h e  nozz le  w a s  found by applying 
t h e  d i s c o n t i n u i t y  equation. 

Figures 1, 2 and 3 i l l u s t r a t e  t h e  dependence of M y  t h e  Mach number of the 
flow, on A ,  t h e  dimensionless area of t h e  nozz le  f o r  oxygen, carbon dioxide,  and 
n i t rogen .  Experimental d a t a  are given on t h e  measurement of t h e  Mach number i n  
t h e  flow a t  t h e  nozz le  c u t o f f .  They are shown above t h e  c a l c u l a t e d  curve. To 
i l l u s t r a t e  t h e  r e s u l t s  of c a l c u l a t i n g  t h e  i s e n t r o p i c  expansion of a d i s s o c i a t e d  
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gas,  t h e  v a r i a t i o n a l  behavior of the thermodynamic parameters of t h e  gas ( p ,  p ,  /162  
T ) ,  t h e  flow v e l o c i t y  u ,  and t h e  degree of d i s s o c i a t i o n  a i s  shown i n  Figures 4 

and 5 as a func t ion  of t h e  dimensionless area. 

Figure 1. Dependence of 
M on A f o r  Equilibrium 
I s e n t r o p i c  Expansion of 
Oxygen. To = 4,400'K; 

po  = 10.3 a t m ;  a = 4 3 . 6 % .  

Figure 2.  Dependence of 
M on A f o r  Equilibrium 
I s e n t r o p i c  Expansion of 
Carbon Dioxide. T = 0 
3,600'K; p o  = 32 a t m ;  

a S 50%. 

M I  

Figure 3 .  Dependence of 
M on A f o r  Equilibrium 
I s e n t r o p i c  Expansion of 
Nitrogen. To = 6,100'K; 

p o  = 2 . 8  a t m ;  a 5  9%. 

An i n t e r p r e t a t i o n  of t h e  r e s u l t s  of an experi
mental determinat ion of t h e  M number of t h e  flow and 
t h e  magnitude of shock d r i f t  from a s t reamlined body 
is  given below. 

It i s  f i r s t  necessary t o  estimate t h e  p o s s i b l e  
c a l c u l a t i o n  e r r o r s  wi th in  t h e  limits of t h e  assump
t i o n  which w e  made concerning t h e  i s e n t r o p i c  n a t u r e  
of t h e  flow. 

Errors  are p o s s i b l e  because of inaccuracy i n  
determining t h e  gas parameters i n  t h e  r e s e r v o i r ,  
< . e . ,  t h e  s ta te  of t h e  gas behind t h e  r e f l e c t e d  
shock wave. Three sources  of e r r o r s  can b e  ind i 
cated.  

1. Experiments with 02 ,  N2, and C02 i n d i c a t e  

t h a t  t h e  v e l o c i t y  of t h e  r e f l e c t e d  wave with respec t  
t o  a tube with a completely closed end i s  an average 
of 10% less than t h e  ca lcu la ted  value by v i r t u e  of 
c e r t a i n  l o s s e s ,  inc luding  h e a t  l o s s e s  i n  the w a l l ,  
which are a s m a l l  f r a c t i o n  of t h e  t o t a l  l o s s e s ,  as 
experiments [ll] have ind ica ted .  

2. Another source of e r r o r  i s  t h e  inaccuracy 
i n  determining t h e  i n i t i a l  temperature and gas pres
s u r e  i n  t h e  expansion chamber, and mainly t h e  velo
c i t y  of t h e  shock wave. This v e l o c i t y  could reach 
-+5% i n  t h e  present  experiments. 

lim
-

Figure 4 .  Dependence of 
p and p on A f o r  Equi l i 
brium I s e n t r o p i c  Expansion 
of Oxygen. Stagnat ion Pa
rameters are Given i n  t h e  
Caption t o  Figure 1. 

Figure 5. Dependence 
of T ,  a and u on A f o r  
Equilibrium I s e n t r o p i c  
Expansion of Oxygen. 
Stagnat ion P a r a m e t e r s  
are Given i n  t h e  Cap
t i o n  t o  Figure 1. 
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3. The t h i r d  source of e r r o r  i s  the inaccuracy i n  determining the  param
eters of the gas behind the  shock wave when i t s  flow through the  nozzle is not  
taken i n t o  account as w a s  done i n  the  o r i g i n a l  ca lcu la t ions .  Allowance f o r  t he  
gas flow rate through t h e  nozzles used i n  the  experiments should lead t o  a de
crease i n  the  r e f l ec t ed  wave ve loc i ty  of no t  more than 4% with respect  t o  the  
w a l l .  

W e  viewed the decrease i n  the r e f l ec t ed  shock wave ve loc i ty  as a decrease /163 
i n  the  shock wave i n t e n s i t y  caused by losses  and leakage of the gas through the  
nozzle; i t  must lead  t o  a decrease- in  parameters, including the  enthalpy and en
tropy of the gas behind the  re f lec ted  shock wave. 

The e r r o r  i n  determining the  shock wave ve loc i ty  can.be posiLive o r  nega
t ive .  Therefore, the e r r o r  i n  determining the enthalpy o r  entropy can a l so  be 
e i t h e r .  

A computation of the  change i n  entropy and enthalpy of the  gas behind the  
re f lec ted  shock wave as a r e s u l t  of the  causes indicated demonstrates t h a t  by 
v i r t u e  of a i 5 %  e r r o r  i n  the determination of the  shock wave ve loc i ty ,  an in
crease i n  entropy and enthalpy of approximately 10%is  possible  as compared t o  
the adopted values of these magnitudes; and due t o  the  three  causes indicated,  
a decrease i n  these parameters by approximately 15%is  possible.  

A determination of the  inaccuracy of measuring the  parameters of the  gas 
behind a re f lec ted  wave permitted us (assuming a one-dimensional i sen t ropic  flow) 
t o  estimate the  va r i a t ion  of flow parameters and the  M number a t  the nozzle exit. 
Calculations f o r  oxygen indicated t h a t  the values of t he  M number of the flow 
can be 5-7% grea t e r  than the  values c i t ed  above, and 1-2% less. 

On the  bas i s  of t he  e r r o r  estimates of the  calculated values of the  M num
ber  of t he  flow f o r  oxygen, i t  should be mentioned t h a t  t he  experimental values 
f o r  small area r a t i o s  l i e  approximately on the  upper boundary of the calculated 
values,  while the  experimental value of M not iceably exceeds the  calculated 
value f o r  the  maximum area ra t io .  It is advisable t o  estimate the  e r ro r s  i n  the  
calculated M number of the  flow i n  dependence on r a t i o  of areas re la ted  t o  a 
ce r t a in  nonisentropic nature  of flow caused by hea t  exchange and f r i c t i o n  a t  the 
nozzle w a l l s .  

For the  Reynolds numbers of the  flows a t  the  nozzle e x i t ,  Red = 5.10 3-10 4 , 
the  flow has two regions : t he  main nucleus of the  f l o w ,  where the  parameters 
are uniform along the  nozzle cross sec t ion ,  and a t h i n  boundary layer  a t  the  
nozzle w a l l s ,  where d iss ipa t ion  processes take place. The presence of the  bound
ary layer  is equivalent t o  a s l i g h t  decrease i n  the  cross-sectional area of the  
nozzle. 

A correct ion i n  the  cross-sectional area of t he  nozzle,  determined by the  
boundary layer ,  would lead t o  a s h i f t  of t he  experimental points  r e l a t i v e  t o  
the  calculated curves. The divergence with the r e s u l t s  of the  calculat ion,  as
suming an equilibrium character  of expansion, increases somewhat. W e  a l so  
should ind ica te  one more possible  e r ro r  i n  determining the  M number of the flow 
a t  the  nozzle e s t ,  which i s  r e l a t ed  t o  a ser ious  assumption concerning the  flow's 
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one-dimensional charac te r ,  t a k i n g  t h e  above-indicated nozzle  conf igura t ion  i n t o  
account. 

Since t h e  nozz le  g e n e r a t r i c e s  on a s i g n i f i c a n t  p o r t i o n  toward t h e  nozzle  
exit  had an angle  of 2 0 ° ,  t h e r e  w a s  a nonuniform f i e l d  of flow with respec t  t o  
a l l  parameters,  inc luding  t h e  d i r e c t i o n  and magnitude of t h e  v e l o c i t y  of gas 
p a r t i c l e s ,  a t  t h e  nozz le  e x i t  where t h e  peak of t h e  wedge w a s  located.  I n  o t h e r  
words, a d ivergent  gas flow flowed around t h e  peak of t h e  wedge. A weak d i s t u r 
bance occuring a t  t h e  peak of t h e  wedge propagated i n  t h e  nonuniform f i e l d  of 
flow. I n  propor t ion  t o  i t s  d i s t a n c e  from t h e  wedge, t h e  dis turbance propagated 
i n  a region of high flow v e l o c i t i e s  and l a r g e  d e f l e c t i o n s  of t h e  s t reaml ines  
from t h e  axial l i n e .  These two f a c t o r s  changed t h e  i n c l i n a t i o n  of t h e  l i n e  of 
propagation of t h e  weak d is turbance  on opposi te  s i d e s  from t h e  d i r e c t i o n  of t h e  
nozzle  axis, and they compensated each o t h e r  t o  a c e r t a i n  ex ten t .  Topler photo
graphs of t h e  p a t t e r n  of flow around t h e  wedge i n d i c a t e d  t h a t  both t h e  l i n e  of 
weak d is turbance  along one s i d e  of t h e  wedge and t h e  l i n e  corresponding t o  t h e  
shock wave along t h e  o t h e r  s i d e  of t h e  wedge hard ly  d i f f e r e d  from t h e  straight 
l i n e s  i n  t h e  f i e l d  of v i s i o n  enveloping almost a l l  of t h e  flow's c ross  s e c t i o n .  1164 
Thus, t h e  d i r e c t i o n  of t h e  l i n e  of weak dis turbance a t  t h e  wedge peak w a s  pre
served. Furthermore, t h i s  made it p o s s i b l e  f o r  us t o  measure t h e  angle  between 
t h e  wedge p lane  and t h e  d i r e c t i o n  of t h e  e n t i r e  l i n e  of weak dis turbance t h a t  
w e  observed during measurement of t h e  d i r e c t i o n  of t h e  l i n e  of weak d is turbance  
i n  r e l a t i o n  t o  t h e  center  l i n e  of flow coincident  with t h e  d i r e c t i o n  of one of 
t h e  wedge planes.  

Henceforth, w e  s h a l l  bear  i n  mind t h a t  stricter allowance f o r  nonuniformity 
of t h e  flow should be given. 

Conclusion 

1. Prel iminary experiments concerned with t h e  i n v e s t i g a t i o n  of t h e  flow 
of d i s s o c i a t e d  gases (02, N2, CO ) through supersonic  nozzles  i n  a shock tube2 

having a nozzle  w e r e  conducted. 

2 .  Experimental values  of t h e  M number of t h e  flow f o r  var ious  r a t i o s  of 
t h e  areas of t h e  exit s e c t i o n  t o  t h e  c r i t i ca l  s e c t i o n  w e r e  der ived by a method 
of v i s u a l i z a t i o n  of t h e  flow around a half-wedge placed a t  t h e  nozzle  cu tof f .  

3. The M numbers of t h e  flow from t h e  experiment w e r e  compared with cal
cula ted  va lues  on t h e  s i m p l i e s t  hypothesis  of equi l ibr ium i s e n t r o p i c  gas flow 
without  t a k i n g  i n t o  account t h e  v i s c o s i t y  and h e a t  conduct ivi ty  of t h e  gas and 
h e a t  l o s s e s  i n  t h e  nozz le  w a l l .  

4. I n  t h e  above-mentioned flow regimes, a n o t i c e a b l e  d e f l e c t i o n  from t h e  
i s e n t r o p i c  flow is observed f o r  oxygen and carbon dioxide.  

5. Approximate estimates of e r r o r s  w e r e  made i n  c a l c u l a t i n g  the i s e n t r o p i c  
flow by v i r t u e  of t h e  inaccuracy i n  determining t h e  gas parameters i n  t h e  reser
v o i r  and devia t ions  from t h e  i s e n t r o p i c  n a t u r e  due t o  h e a t  exchange and f r i c t i o n  
a t  the nozz le  w a l l s .  

179 



Taking t h e  c o r r e c t i o n s  f o r  oxygen i n t o  account does n o t  m a k e  i t  p o s s i b l e  t o  
coordinate  t h e  c a l c u l a t e d  and experimental  va lues  of t h e  M number, which are 
much h2gher than t h e  r a t e d  values .  This q u a l i t a t i v e l y  i n d i c a t e s  t h e  p o s s i b i l i t y  
of d e v i a t i o n  of t h e  flow from equi l ibr ium a t  t h e  nozz le  exit .  
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CALCULATION OF THE RECOMBINATION RATE CONSTANTS OF 

DIATOMIC GASES ACCORDING TO THE MACH NUMBER OF 

THE FLOW AT THE EXIT OF A SUPERSONIC NOZZLE 


G. N. Nikolayev 


The intensive study of gas dynamics at high temperatures that has been go-1165 

ing on recently has raised the question concerning the effect of finite dissocia

tion rate and atomic recombination, vibrational excitation, ionization and other 

intramolecular processes on the properties of supersonic flows with particular 

acuity. The incompleteness of these processes leads to a gas state which is 

characterized by nonequilibrium values of its thermodynamic parameters and com

ponent concentrations. In particular, scale effects appear which are related to 

the correlation of streamlined body sizes and the extent of nonequilibrium flow 

regions. 


An important part of the problems which arise in connection with this is 
an experimental determination of the recombination rate constants of diatomic 
gases in temperature and pressure ranges which are of practical importance. 
Most of the data concerning this problem is derived from experiments which make 
it possible to determine the dissociation rate constant kD. The most widely 
used method of determining kD is based on recording the density profile or con
centration of the reacting component in the nonequilibrium zone behind the shock 
wave in a shock tube. The recombination constant k is calculated on the basis

R 
of these data with the thermodynamic equilibrium constant K = kD / kR’ which de
pends on temperature [l]. 


In the study of recombination kinetics, the use of processes for this pur-. 

pose in which recombination plays a predominating role is a qualitatively dif

ferent approach. One of such processes is the expansion of a thermally disso

ciated gas in a supersonic nozzle. It follows from the experimental data of 

[2-51 that the expansion of a dissociated gas in supersonic nozzles experiences 
the effect of a finite recombination rate. It is of interest to analyze the 
possibility of calculating the recombination rate constants by measuring any pa
rameter of the flow leaving the supersonic nozzle, e . g . ,  the Mach number. 

To analyze dissociated gas flows in the nozzles, we used an approximate 

method of examining nonequilibrium flows (the method of “sudden freezing” of 

the chemical composition of the gas). 


A number of theoretical works published 16-81 contain the foundation for 
the following assertion. Conditions arise in the nozzles during rapid expansion 
of the gas, wherein as a consequence of the finite chemical reaction recombina
tion rate, the composition of the gas deviates from equilibrium. The degree of 
dissociation becomes excessive and does not correspond to the temperature and 
pressure in the flow. If the expansion process at a certain stage began to de
viate noticeably from equilibrium, further change of the chemical composition 
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of the gas occurs so slowly that the de
gree of dissociation can be considered I166 
as constant to whatever degree the flow 
might be expanded further. This result 
is reached by a numerical solution to a 
system of equations describing the flow 
of a gas in a quasi one-dimensional ap
proximation, taking the finite recombina
tion rate into account, An approximate 
method based on [6-81 is.offeredto cal
culate a nonequilibrium flow in which 
the flow is viewed as consisting of two 
sections, ; . e . ,  the initial section, 
where chemical equilibrium is maintained 
completely, and the section adjoining it, 
where the gas composition does not change 
(is "frozen"). Calculation of the flow 
in the second section is simplified sig
nificantly since the chemical composi
tion is constant. The position of the 
transition point from equilibrium to 
"frozen" flow can be calculated on the 

Figure 1. Dependence of M on A when 
p o  = 20 atm; To = 8,500'K; c1 = 0.46 .  

Nitrogen. (1) kR = 0.0;  ( 2 )  2 . ~ 1 0 ' ~ ;  
( 3 )  2 . 2 4 0 ~ ~ ;( 4 )  2 . 2 . 1 0 ~ ~ ;( 5 )  1.4.  

( 6 )  3 . 8 0 1 0 ' ~ ;  ( 7 )  1 . 5 * d 9 ;  ( 8 )  

1.3.10 20 ; ( 9 )  a. 

M 


6 

Y 

2 

0 IO 100 A 

Figure 2. Dependence of M on A 
when p 

0 
= 7 atm; T

0 
= 4,200'K. 

Oxygen. (1) kR = 0.0; ( 2 )  4.70 
( 3 )  2 .7=1016; ( 4 )  7 . 6 

( 5 )  2.4*1017; ( 6 )  2.0. 

(7 )  m. 

basis of the given recombination rate 

constant and, conversely, it is possible 

to calculate the rate constant by knowing 

where the "freezing" occurred. A comparison 
of exact and approximate solutions in the 
quasi one-dimensional approximation for the 
nonequilibrium flow of dissociated gases 
(oxygen and hydrogen) cited in references 
14, 91 revealed a very close similarity of 
results obtained by both methods. The regu
larity of this similarity is confirmed by 
the fact that the entropy change determined 
by the recombination nonequilibrium of the 
diatomic gas is extremely small [ l o ] .  What 
has been stated is the basis for using an 
approximate method to estimate the recombin
ation rate constant of diatomic gases (oxy
gen and nitrogen) since existing experimen
tal data concerning this constant differ . _ _  
significantly, and such data are very scarce 
for nitrogen. 

The Mach number M is one of the para

meters sensitive to the deviation of the 


flow from thermodynamic equilibrium [ 6 ,  111. We made a series of calculations 
on the change of the Mach number M as a function of the dimensionless area of 
the nozzle A (the ratio of the area of the given cross section to the area of 
the critical cross section). The calculations were performed in a one-dimension
a1 approximation for the expansion of pure oxygen and nitrogen flowing from the 
reservoir, the selected gas parameters in which being attainable behind the /167 
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reflected shock wave in the shock tube. The one-dimensional approximation is 
widely used in gas-dynamic calculations. It is sufficiently accurate to de
scribe the flow in conical nozzles with small (10-20’) aperture angles. The re
sults of the calculations are illustrated by similar curve sets in Figures 1 and 
2 for nitrogen and oxygen. The parameters of the gases in the reservoir are in
dicated in the captions to the figures. In Figures 1 and 2, the lower curves 
correspond to completely equilibrium gas expansion; curves 1 correspond to the 
unchanged chemical composition from the very beginning of expansion, < . e . ,  to a 
completely frozen flow. All of the remaining branches from the equilibrium curve 
were computed under the assumption that the degree of dissociation is constant, 
beginning from the branch point which corresponds to one cross section or another 
in which the sudden freezing of the chemical composition of the gas took place. 
The equilibrium flow curve was calculated for one-dimensional steady expansion 
under the supposition that the process was adiabatic with constant entropy. The 
equation of motion was graphically integrated; the dependence of density on pres
sure in the equation was taken from the thermodynamic property tables for oxygen 
and nitrogen* with constant entropy established by the gas state in the outflow 
reservoir. Distribution of the Mach number as a function of the dimensionless 
cross section of the nozzle was calculated according to the flow velocity de
rived from the equation of motion, and on the basis of the frozen velocity of 
sound with the aid of the discontinuity equation. The branches corresponding to 
frozen dissociation were calculated with an equation that relates the cross-sec
tional afea of the flow to the Mach number for flows with a constant specific 
heat ratio y. The latter was calculated assuming a constant composition of the 
atomic and molecular component mixture; the molecules were ascribed a full ex
cited state of vibrational degrees of freedom. Each branch of the set corres- 1168 
ponds to a determined value of the recombination rate constant k , .  The k ,  val

n 11 

ues indicated in Figures 1 and 2 correspond to the hyperbolic law of distribution 
of the nozzle cross-sectional area (axisymmetric shape) 


where x’ is the coordinate read off along the nozzle axis downstream from the 
critical cross section (values having physical nonuniformity denoted by primes); 
AIcr is the area of the critical cross section and KN is the constant. 

If we selected a definite nozzle length, < . e . ,  fix a certain quantity for 
the cross section, then the Mach number (and correspondingly the Mach angle E )  

in that section of flow is simply related to the value of the recombination 
rate constant. Figures 3 and 4 illustrate the results of an analysis of curve 
sets; Figures 1 and 2 are f6r nitrogen and oxygen. The circles on these figures 
designate calculated points whose scatter in relation to the corresponding 
curves is determined by error computations. It is possible to calculate other 
flow parameters similarly, e . g . ,  static pressure, and also to relate them to 
the recombination constant. 

We conclude from the graphs in Figures 3 and 4 that the considered nozzles 

*The thermodynamic tables used for oxygen were compiled at the ENIN Labora

tory for High-Temperature Gas Dynamics and Thermodynamics. 
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Figure 3.  Relat ionship Be
tween E and kR f o r  Nitrogen 

when A = 20. Stagnat ion 
Parameters Indica ted  i n  t h e  
Caption t o  Figure 1. 

are s u i t a b l e  t o  determine t h e  recombination rate 
constant  w i t h i n  several ( s u f f i c i e n t l y  wide) l i m i t s  
of i t s  values .  They correspond t o  t h e  curve sec
t i o n  a t  a d i s t a n c e  from t h e  m a x i m a l  p o s s i b l e  Mach 
number va lue  f o r  t h e  given nozzle  (which corres
ponds t o  a f rozen  flow).  A comparison of s i m i l a r  
curves f o r  nozzles  w i t h  var ious  lengths  i n d i c a t e s  
t h a t  t h e  i n c r e a s e  i n  t h e  degree of expansion en
sured by t h e  nozzle  expands the  l i m i t s  of t h e  kR 
values  i n  which i t  is p o s s i b l e  t o  determine t h e s e  
cons tan ts  experimentally.  

It should b e  noted t h a t ,  i n  accordance with 
t h e  suppos i t ion  concerning t h e  sudden f r e e z i n g  of 
t h e  chemical composition of t h e  gas i n  a d e f i n i t e  
nozzle  c ross  s e c t i o n ,  t h e  va lue  of t h e  recombina
t i o n  constant  thus obtained r e f e r s  t o  t h e  s t a t i c  
flow temperature i n  t h e  f rozen  cross  s e c t i o n .  

Using nozzles  w i t h  var ious  angles between t h e  
hyperbol ic  asymptotes which determine t h e  l a w  of 
change of t h e  c ross -sec t iona l  area along t h e  a x i s ,  
i t  i s  p o s s i b l e  t o  ensure d i s s o c i a t i o n  f reez ing  a t  
d i f f e r e n t  degrees of expansion, < . e .  , a t  d i f f e r e n t  
temperatures [6 ] .  Thus, by experimenting with var
ious  nozzles ,  i t  i s  p o s s i b l e  t o  attempt t o  o b t a i n  
information concerning t h e  temperature dependence 

6 
.cm

kRy
mole 

2 
*sec 

E ,deg 

Figure 4 .  R e l a 
t i o n s h i p  Between 
E and kR f o r  O x y 
gen when,A = 40. 
Stagnat ion Parame
ters Indica ted  i n  
t h e  Caption t o  
Figure 2. 
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of the  recombination rate constant .  It should be noted 
t h a t  when processing t h e  experimental  d a t a ,  i t  is  necessary 
t o  t a k e  i n t o  account t h e  displacement thickness  of t h e  
boundary l a y e r ,  which c o n s t r i c t s  t h e  e f f e c t i v e  nozzle 
c ross  s e c t i o n .  

A l l  which has  been s t a t e d  has  r e f e r r e d  t o  one combin
a t i o n  of gas  parameters i n  t h e  r e s e r v o i r .  Var ia t ion  of 
t h e  condi t ions i n  the  r e s e r v o i r  expands t h e  p o s s i b i l i t i e s  
f o r  an experimental  determinat ion of kR’ 

Conc1us ion 

A c a l c u l a t i o n  based on t h e  suppos i t ion  concerning t h e  
sudden f reez ing  of t h e  chemical s ta te  of a gas w a s  perform
ed i n  a quasi-one-dimensional a d i a b a t i c  approximation of 
t h e  nonequilibrium expansion of p a r t i a l l y  d i s s o c i a t e d  oxy
gen and n i t rogen  i n  a supersonic  nozzle.  

The r e l a t i o n s h i p  between t h e  recombination r a t e  con
s t a n t  of t h e  gas and t h e  d i s t r i b u t i o n  of t h e  Mach number 
along t h e  nozzle  length  wi th  a change of t h e  nozzle  cross-
s e c t i o n a l  area w a s  analyzed using t h e  hyperbol ic  l a w .  The 
expediency of applying t h e  given method of c a l c u l a t i o n  w a s  



demonstrated for determining the recombination rate constant of a dissociated /169 
diatomic gas with respect to the measured values of the Mach number of the flow 
leaving a supersonic nozzle. 
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MFASUmNT OF CARBON DIOXIDE DENSITY 
I N  THE FLOW BEHIND A SHOCK FRONT 

S. G. Zaytsev and Ye.  V. Lazareva 

Experimental i n v e s t i g a t i o n  of t h e  flow parameters of carbon dioxide behind /170 
t h e  shock f r o n t  i n  a shock tube l e a d s  t o  varying d a t a  relative t o  t h e  exc i ta 
t i o n  t i m e  of an asymmetric v a l e n t  v i b r a t i o n  v 3 of a CO2 molecule. Density mea

surement by t h e  in te r fe rometer  method c i t e d  i n  [l]demonstrates t h a t  t h e  vibra
t i o n  e x c i t a t i o n  t i m e  v 3 of a CO2 molecule a t  temperatures of 1,800-2,200" does 

n o t  exceed 2-3 p / s e c .  The au thors  of [2] arrive a t  a cont ra ry  conclusion. U s 
i n g  t h e  same technique, they found t h a t  t h e  t i m e  i n d i c a t e d  exceeds 100 u/sec. 
However, an  a n a l y s i s  of t h e  d e n s i t y  measurement technique and a comparison of 
r e s u l t s  c i t e d  i n  [l-31 and i n  t h e  present  s tudy do n o t  permit  us t o  expla in  t h e  
d a t a  presented i n  [2] .  

I n  another  group of s t u d i e s ,  carbon dioxide behind t h e  shock f r o n t  w a s  in 
v e s t i g a t e d  by record ing  t h e  gas-dynamic c h a r a c t e r i s t i c s  of t h e  flow, C . e . ,  Mach 
l i n e  o r i e n t a t i o n  [4]  and speed of t h e  r e f l e c t e d  shock wave [5] .  The authors  
compared t h e  measured va lues  w i t h  t h e  c a l c u l a t e d  va lues  obtained by r e l a x a t i o n  
gas dynamics methods under var ious  assumptions r e l a t i n g  t o  t h e  thermodynamic 
parameters of t h e  flow. The r e s u l t s  of t h i s  group of s t u d i e s  l e d  t o  t h e  conclu- ' 

s i o n  t h a t  v 3 v i b r a t i o n s  are n o t  e x c i t e d  over a per iod of 100 v/sec i n  t h e  flow 

of carbon dioxide behind t h e  shock f r o n t  where T 3 2,000'K. 

I n  t h e  p r e s e n t  work, w e  experimented with carbon dioxide containing an ad
mixture of less than 0.6% (mainly oxygen and n i t rogen) .  The r e s u l t s  obtained 
w e r e  i n  t h e  M range between 2 and 8. I n  t h e  region of M < 6 ,  t h e  measured 

S S 


dens i ty  values  coincided with those obtained i n  t h e  previous s tudy  [3] .  The ac
curacy i n  determining d e n s i t y  a t  t h e  shock 
f r o n t  i s  2%. The e r r o r  i n  determining t h e  M

S 
number does n o t  exceed 0.1. 

The d e n s i t y  i n  t h e  flow behind t h e  shock 
f r o n t ,  which propagates from M

S 
< 3 ,  increases  

and reaches a va lue  corresponding t o  complete 
thermodynamic equi l ibr ium. This process  i s  
caused by t h e  e x c i t a t i o n  t i m e  l a g  of t h e  de
formed v2 v i b r a t i o n s  of t h e  CO 2 molecule. The 

measured values  of e x c i t a t i o n  t i m e  correspond 
with those observed earlier ( e . g . ,  see [ 6 ] ) .  
For shock waves from Ms > 3, t h e  i n d i c a t e d  in-

Figure 1. Density Behind Inc i - crease i n  d e n s i t y  w a s  n o t  observed wi th in  t h e  
dent Shock Wave. limits of t h e  procedure 's  reso lv ing  power 
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(-2 psec). The measured d e n s i t y  va lues  d i r e c t l y  behind t h e  shock f r o n t  (p 1*) 

correspond t o  t h e  average d e n s i t y  value i n  t h e  flow (p 1). The f i g u r e  i l l u s t r a t e s  

t h e  values  of p 1*/po der ived  i n  t h e  present  s tudy and t h e  previous one [ 3 ]  

(poin ts  4 ) ,  (po is  t h e  dens i ty  i n  f r o n t  of t h e  shock f r o n t ) .  Curves 1, 2 and 3 

correspond t o  dens i ty  va lues  c a l c u l a t e d  behind t h e  shock f r o n t  which w e r e  obtain
ed when s o l v i n g  a system of conservat ion equat ions f o r  the  shock f r o n t  under 
var ious  assumptions relative t o  t h e  thermodynamic state of t h e  gas. Curve 1 /171 
corresponds t o  complete thermodynamic equilibrium. Curve 3 assumes thermodynam
i c  equi l ibr ium between t r a n s l a t i o n a l  and r o t a t i o n a l  degrees of freedom and de
formed v 2 v i b r a t i o n s  of t h e  CO2 molecules. The v1 and v3 v i b r a t i o n s  are assum

ed t o  b e  frozen.  Curve 2 assumes thermodynamic equi l ibr ium between t r a n s l a t i o n 
a l  and r o t a t i o n a l  degrees of freedom and t h e  v i b r a t i o n a l  levels v2 and vl. The 

v3 v i b r a t i o n s  are assumed t o  b e  frozen. Figure 1 a l s o  i l l u s t r a t e s  t h e  dens i ty  

values  behind t h e  shock wave a r r i v e d  a t  i n  re ferences  [l](poin ts  1 and 2) and 
[2]  (poin ts  3).  

The comparison of measured and c a l c u l a t e d  dens i ty  values  permits  us t o  con
clude t h a t  d i r e c t l y  behind t h e  shock f r o n t ,  t h e  dens i ty  values  (accurate  t o  
w i t h i n  2-3%) correspond t o  t h e  c a l c u l a t e d  values  obtained under t h e  assumption 
of complete thermodynamic equi l ibr ium. 

Interferograms o f  t h e  flow i n d i c a t e  t h a t  dens i ty  i s  s u b j e c t  t o  f l u c t u a t i o n s  
relative t o  t h e  average va lue  of p 1which w i l l  remain cons tan t  wi th in  an accu

racy of 2-3% over  t h e  e x t e n t  of the e n t i r e  flow from t h e  shock f r o n t  t o  t h e  con
t a c t  sur face .  The amplitude of t h e  dens i ty  f l u c t u a t i o n s  i n  t h e  flow increases 
with an i n c r e a s e  of t h e  shock f r o n t  v e l o c i t y  ( c f .  i n f ra ) .  

3 4 5 6 7 8
MS 

Ap/pl, 0/0 1 2 3 4 4 5 

Thus, tak ing  i n t o  account t h e  measurement e r r o r s  and t h e  dens i ty  f luc tua
t i o n s ,  t h e  gas dens i ty  d i r e c t l y  behind t h e  shock f r o n t  and i n  t h e  flow i s  group
ed around t h e  c a l c u l a t i o n  va lues  which correspond t o  complete thermodynamic 
equilibrium. This permits  us t o  conclude t h a t  f o r  temperatures n e a r  2,000°K, 
t h e  e x c i t a t i o n  t i m e  of t h e  v i b r a t i o n a l  l e v e l  v 3 f o r  a carbon dioxide molecule 

does n o t  exceed 2-3 psec. 
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AN INVESTIGATION OF THE STATE OF A GAS BEHIND A SHOCK WAVE 
ON THE BASIS OF THE PATTERN OF FLOW AROUND AN OBSTACLE 

PLACED IN A SHOCK TUBE 

I. M. Naboko 


The content of this article consists of a discussion of the prerequisites 1172 
and the conditions of experiments and calculations, on the basis of a comparison
of the results of which conclusions can be drawn concerning the depth of excita
tion of gas molecules in the flow behind a shock wave according to the values of 
the gas-dynamic parameters of this flow. The basic results of the experiments
which we conducted to determine the state of carbon dioxide behind a shock wave 
are given in [l]. 

Under the high-temperature conditions which are created behind strong shock 
waves, physical and chemical molecular changes must take place in the gas. In 
accordance with the achieved temperature, molecular rotation and vibrations 
should be excited, dissociation and ionization should occur, and the formation 
of molecules of new compounds may take place in parallel with the destruction of 
molecules of the original gas. These processes must affect the gas-dynamic 
parameters of the flow behind the shock wave. Measurement of the gas-dynamic 
parameters, therefore, can provide information on the degree of excitation of 
gas molecules. A determination of the degree of molecular excitation on the 
basis of measuring the gas-dynamic flow parameters obviously is most justified 
in the shock wave velocity range in which the temperature of the gas behind the 
wave is high enough for measurements by spectral methods, when the luminescence 
and absorption intensity are weak. For carbon dioxide, these are the velocities 
which correspond to Mach wave numbers M0 = 6-12. 

The temperatures behind the wave in this range are high enough to lead to 
noticeable physical and chemical changes in the C02 molecules but, at the same 
time, the molecular excitation occurs comparatively slowly at these temperatures, 
and it is possible to detect nonequilibrium gas states in the flow by measuring 
the gas-dynamic parameters of the flow. Several studies have been devoted to a 
determination of the relaxation time of CO2 and air on the basis of the velocity 
of a shock wave reflected from the end of a tube [2,5]. The difficulties in

volved in measurements based on shock wave reflection are related to the bound

ary-layer effect in the flow behind the incident shock wave and, in any event, 

the tendency of this effect must be considered when interpreting the data. The 

velocity of a shock wave reflected from a model with a flat side placed at the 
open(divergent)end of a shock tube was determined in [ 6 ] ;  the author avoids the 
indicated complications by setting up the experiment in this manner. 


The flow parameters behind an incident shock wave have also been investiga

ted on the basis of observing the pattern of flow around an obstacle in a shock 

tube. Tne angle of inclination of the Mach line [1,7] and the angle of inclin

ation of an oblique shock wave [8]were determined. Measurements of the angleof 
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inclination of the Mach line (see Figure 1) which separates the region of dis

turbed.and undisturbed flows above a plate with a thin edge are suitable for de

termining the depth of molecular excitation and dissociation of CO

2 because the 

size of this angle, which is determined by the ratio of the flow velocity to the 

velocity of sound, has essentially varying values, depending on the depth of ex

citation of gas molecules in the flow. 


a 

4 5 

r; i I 

Figure 1. Gas Flow Around an 
Obstacle in a Shock Tube. (a) 
Series of consecutive frames 
of the pattern of flow around 
an obstacle in a shock tube. 
The wave moves through the tube 
from right to left. (b) Dia
gram of instantaneous pattern 
of flow: (1) obstacle (half
wedge); (2) shock wave propaga
ting in tube; (3) Mach line; 
( 4 )  attached shock; (5) rarefac
tion fan; (6) contact region 
boundary. 

The velocity of the gas flow behind 1173 

the shock wave (in the laboratory coordin

ate system) is maximum for a completely 

equilibrium state behind the wave and dif

fers from the values which correspond to 

the frozen state by 3-10% for Mach wave num

bers 6-11, respectively. We shall say that 

the state of the gas molecules is completely 

equilibrium if the excitation of internal 

degrees of freedom and the molecular disso

ciation correspond to the translational 

temperature of the molecules. The frozen 

state corresponds to equilibrium excitation 

of molecular rotation and to the absence of 

any excitation of molecular vibrations and 

molecular dissociation in the transition 

through the shock. For a triatomic linear 
CO2 molecule, this transition will corres

pond to a change in the state from the ini
tial temperature to the temperature behind 
the shock with the heat capacity C

P 
= 7/2R 

(y = C /C = const = 1.4). Partially fro-
P V 

Zen states are conceivable between these 
extreme cases for CO2 molecules which cor
respond to: (a) the absence of dissociation 
and complete vibrational excitation; (b) 
the absence of dissociation and excitation 
of two vibrational modes which correspond 
to the vibrational numbers w 1 = 672.2 and 

w2 = 1351.2; (c) the absence of dissocia
tion and excitation of only one vibrational 
mode with w2 = 672.2, < . e . ,  to a state with 
only deformation vibrations of CO2 molecules 

excited. 


The velocity of sound depends on the composition, temperature and state of 
excitation of internal degrees of freedom of ;he gas. When a gauge is placed 
behind the shock wave, the velocity of sound decreases with the approach to 
equilibrium. The equilibrium velocity of sound ae' which corresponds to a com

pletely equilibrium molecular state of the flow, differs from the frozen velo
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city of sound in a frozen flow by 15-35% for Mo = 6-11, respectively, 

For the velocity of a sound signal in a relaxing medium, it is presently 

sufficiently accurate to use two conventional values and terms, respectively, 

for the calculations: the equilibrium, or low-frequency, and the frozen, or 

high-frequency, veldcity of sound. The first corresponds to the value at which 

sound is propagated at a frequency much less than the frequency of the relaxa

tion processes in the medium; the second corresponds to the velocity of sound at 

a high frequency in comparison with the relaxation frequency. 


In calculating the angle of inclination of the Mach line, the velocity of 
the flow may refer both to the equilibrium and the frozen velocity of sound, 
which corresponds to the proposed state in the flow. In accordance with this, 
the equilibrium and frozen M1 number can be calculated for the given flow state. 

The graph in Figure 2 illustrates the possi-/174 
ble calculated values of the Mach numbers of the -
flow. The difference between extreme versions 
of the calculated values of the Mach numbers 
amounts to 20-50% for Mo = 6-11. The values of 

I I I the Mach numbers which correspond to partially 
I I I frozen states also differ considerably. The dots 

55’ 6I I I I 1  in Figure 2 denote the M
1 
values obtained exper

8 IO I Z M ,  
imentally in a shock tube. It is obvious that 

Figure 2. Dependence of M, conclusions concerning the state of the flow can 
I 

Number on M Under Various be made quite simply only by answering the ques

0 tion of whether the equilibrium or frozen velo-

Assumptions Concerning the city of sound determines the inclination of the 
Degree of Excitation of C02 Mach line under experimental conditions. It is 
Molecules. also obvious that a correct answer to this ques

tion requires data on the frequencies which de

termine the disturbance we observe by the 


Schlieren method. Without having accurate data on the frequency spectrum of the 

originating impulse, we can nevertheless say that on the edge of the wedge there 

occurs an impulse with a rather deep front, to which there corresponds a wide 

frequency range. On the other hand, the intensity of this disturbance is not 

great, since the direction of flow does not change upon transition through the 

Mach line. 


We shall estimate the attenuation of the sound signal with distance on the 

basis of data available in the literature, assuming, after the authors of [9,10], 

that the velocity of the disturbance front in the immediate proximity of the 

obstacle is determined by the high-frequency velocity of sound. 


The classical relationship which characterizes the change in wave amplitude 

in connection with the dissipation of sound energy from heat conductivity and 

viscosity (according to Kirchhoff and Stokes) gives a value that coincides with 

the experiment for a low-frequency sound. In carbon dioxide, for frequencies 


of 60-500 kZz, absorption in the experiment is 1-3-102 times greater than can be 

obtained from calculation with the classical relationship [ll]. In Knezer’s 
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studies, the expression for absorption of high-frequency sound is derived with 

the depth of molecular excitation taken into account in the case of equilibrium 

displacement in the sound wave. On the basis of Knezer's relationships, the 

frequency can be obtained which corresponds to the absorption maximum for a gas 

with a known relaxation frequency of molecular excitation. The attenuation pat

tern of an ultrasonic signal in a relaxing gas can be thus described by the 

classical relationship in a region far from the frequencies which coincide with 

the relaxation frequencies and by Knezer's relationship in the relaxation region. 


Relationships which reflect the influence of intramolecular processes on 

the absorption of sound signals and the analogous relationships of Knezer in this 

sense were recently obtained directly in reference to the question concerning 

the propagation of small disturbances and the motion of shock waves in a relax

ing gas [9,10,12,13,14]. 


In order to estimate signal attenuation, which is determined by the inclin
ation of the Mach line under the conditions of our experiment, we shall use the 
relationship given in [ l o ]  : 

'0 

where III0 is the signal intensity ratio; T is the relaxation time; t is the 
time from the beginning of signal propagation; "f and ae are the frozen and 	 1175-
equilibrium velocities of sound, respectively. The quantities in this relation

2 2ship which characterize the attenuation process are included in the ratio a l a
f e  

which contains,in concise form, the characteristics of the individual peculiar
ities of the medium and the physical and chemical transformations which take 
place in the molecules of the medium. The numerical difference between af and 
ae indicates the intensity of the effect of possible molecular transformations 
on the thermodynamic parameters of the gas. 


Attenuation depends considerably on the relaxation time of the process. 


A calculation performed for a specific case for C02 indicated the follow

ing: with an8% difference between ae and af (which corresponds to MO-9) the 
-6

intensity of the signal decreases twice at a distance of 2 cm if T = 5.10 sec; 

when T = 2.10 -6 sec, the signal attenuates five times at the same distance; and 
I/Io= 0.371*10-1 when T = 1-10-6 sec. The estimate given above bears a tenta

tive character. The proposed relaxation times of the most rapidly excited vi

-6

brations of CO2 correspond ton-3-10 sec [15]. Consequently, we may assume with 
a sufficient basis that at distances Z q 2  cm, the leading edge of the Mach line 


192 




is determined by the frozen velocity of sound calculated from y = 1.4 (curves 
4 , 5 ,  and 6 in Figure 2). 

The values which we measured experimentally coincide with the calculation 

performed under the assumption concerning the state in a flow with unexcited 


asymmetric valent vibrations of C02 molecules (w 3 = 2396.4 cm-1) and the frozen 
velocity of sound (curve 5 in Figure 2) .  

The time in which a stationary pattern of flow existed and the time in 
which the inclination of the Mach line corresponded to the calculated values of 
curve 5 in Figure 2 were determined on the basis of a series of photographs. 
This observation time At* is converted to the time of existence of the observed 
state with the relationship 

where v 0 is the wave velocity; u1 is the flow velocity in a stationary (labora
tory) coordinate system; At* is the time of observance of the pattern from the 

beginning of flow; At is the time of existence of the corresponding gas layer in 

a heated state behind the shock wave. By multiplying At times the flow velocity 

in a coordinate system connected to the wave, we obtained the extent of the zone 

in which the indicated state exists, i.e., the extent of the nonequilibrium 

zone. In our experiments, a state with unexcited vibrations was observed along 

the entire gauge, right up to the arrival of the contact surface. 


The Mach numbers of the flow which determine the inclination of the Mach 
line are sensitive to the depth of molecular excitation, as was indicated above, 
but hardly change with the change of the wave velocity in the investigated M0 
range, which makes it somewhat convenient since it is guaranteed from errors 

which may be related to inaccuracy in measuring the velocity of the shock wave 

and the nonstationary character of wave motion in the shock tube. 


Measurements of the angles of inclination of oblique shock waves which had 

occurred on wedges 10 and 16" (Figures 3 and 4) were less suitable for interpre

tation and evaluation of the flow state. Calculation of the angles of inclina

tion of the oblique shock on a wedge for the same versions of the state of the 

incident flow and the changes of this state on an oblique shock, as well as in 
an evaluation of the results with respect to Mach lines, indicated that the 
values of the angles for a different degree of vibrational excitation differ by 
1-2", which is twice less than the scatter of the experimental values (see Fig
ure 3). Therefore, it is not possible to draw a conclusion in favor of any of 
these states. The values of the angles of inclination of the oblique shock 
waves indicate only that dissociation of CO2 molecules does not noticeably occur in the flow. 

A s  a result of an analysis of the method applied for investigating the 1176 
state of the flow in the shock tube, it was pointed out that the depth of 
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U 0  	 e x c i t a t i o n  of i n t e r n a l  degrees of molecular f ree
dom and d i s s o c i a t i o n  can be determined by measuring 
t h e  angles  of i n c l i n a t i o n  of t h e  Mach l i n e s  on a 
.p la te  i n  t h e  flow. The experimental  r e s u l t s  ob
t a i n e d  i n d i c a t e  t h a t  t h e r e  is  no d i s s o c i a t i o n  i n  
t h e  flow a t  a d i s t a n c e  t o  1 5  c m  behind t h e  shock 
wave and asymmetric v a l e n t  v i b r a t i o n s  of C02 are 

not  exci ted.  The angle  of i n c l i n a t i o n  of t h e  bound-

Figure 3. Calculated De- a ry  which s e p a r a t e s  t h e  reg ion  of d is turbed  and un

pendence of o on M0 f o r  d i s turbed  flows i s  determined by t h e  high-frequency 
v e l o c i t y  of sound c a l c u l a t e d  from y = 1.4. 

Wedge Angle 0 = 10". 

Supplement 

CaZcuZation of the fZm parameters behind a 
shock wave with a varying degree of vibrationaZ ex
ci tat ion of C02 moZeeuZes. 

The flow parameters behind a shock wave were 
c a l c u l a t e d  f o r  states w i t h  a varying degree of 
v i b r a t i o n a l  e x c i t a t i o n  of C02 molecules. The 

angles  of i n c l i n a t i o n  of t h e  obl ique shock f o r  10 
and 16" flow d e f l e c t i o n  angles  w e r e  a l s o  ca lcu la ted .  

Figure 4 .  Calculated De
pendence of o on M0 

f o r  The c a l c u l a t i o n  procedure i s  descr ibed b r i e f l y  

Wedge Angle 8 = 16". 	 below and t h e  b a s i c  r e s u l t s  are presented.  The 
c a l c u l a t i o n  w a s  performed w i t h  t h e  equat ions of t h e  
l a w s  of conservat ion of momentum and energy, and t h e  

d i s c o n t i n u i t y  equat ion,  inc luding  t h e  equat ion of state.  On t h e  bas i s -of  t h e  
known va lue  of gas enthalpy,  depending on t h e  temperature,  successive approxima
t i o n s  can b e  employed t o  c a l c u l a t e  a l l  parameters of t h e  flow behind t h e  wave i f  
t h e  i n i t i a l  gas s ta te  i s  known. Enthalpy w a s  c a l c u l a t e d  under t h e  assumption 
t h a t  a C02 molecule, being l i n e a r ,  can be considered as a r i g i d  r o t a t o r  and a 

harmonic o s c i l l a t o r  i f  e x c i t a t i o n ,  r o t a t i o n ,  and v i b r a t i o n s  are taken i n t o  ac
count [16]. 

Under t h i s  assumption: 

5 - --.H = 7 R T  4-RT- TQ;ot . - 1 kT -
Qrot ' ' ro t  = 'rr'h.0; 'rr 2 hcB' 'h.0 - 'iQio 

"Qi = Q Q
2

Q f o r  a C02 molecule. The q u a n t i t y  Qi i s  r e l a t e d  t o  t h e  frequencies
1 2 3  

of corresponding molecular v i b r a t i o n s  by t h e  expression 
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The structure of the notation of iT.Q. for CO2 is based on data concerning the2 2  


vibrational modes of this molecule. 


There exist deformation and valent molecular vibrations. Deformation vi- 1177 
brations lead to a change in the relative positions of the C and 0 atoms in the 
molecule without a change in the distance between them. Valent vibrations oc
cur along the atomic bonds and include a change in the distance between them. 
There are two modes of deformation vibrations with an identical frequency v 2 

= 

667.4 cm -1. The portion of the static sum Q2 which corresponds to them is 

squared; v1 corresponds to symmetric valent vibrations corresponding to v 1 
= 

1388.15 cm-'; Q3 corresponds to asymmetric valent vibrations and v 3 = 2349.16 
-1 cm . 

The vibrational constants for these frequencies are: w2 = 672.2, w1 = 

1351.2, and w 3 = 2396.4; the characteristic temperatures are equal to 0 
2 

= 

960.05, = 1930.19, and e3  = 3379.95, respectively. The final calculated re
lationship for gas enthalpy in a state with equilibrium-excited vibrations has 

the form 


The number of terms of the sum retained in the calculation determines the allow

ance for equilibrium excitation of the corresponding vibrational modes. 


In the formula, R is the gas constant, T is the temperature, h is the 
Planck constant, e is the velocity of light, k is the Boltzmann constant, and 
wi is the vibrational constant. 

Table 1 lists the values of enthalpy for a state with excitation of only 

deformation vibrations taken into account, H2, and a state with deformation and 


symmetric valent vibrations taken into account. 


Tables 2-4 contain the values of the flow parameters behind shock waves 
for M0 wave numbers in the 6-12 range, or wave velocity in the 1,500-3,500 

mlsec range. Table 2 contains [wave velocity] calculated for a state, taking 
equilibrium excitation of only the deformation vib,rationsinto account. Table 
3 takes deformation and symmetric valent vibrations into account. Table 5 
takes the equilibrium state of excitation of all vibrational modes into ac
count. (The enthalpy values for the last state are taken from [16].) Table 5 
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TABLE 1. 

TABLE 1. (Conclusion) 

lists the values of t he  parameters calculated under the  assumption t h a t  y = 
const = 1.4  upon t r ans i t i on  through the shock. Tables 6 and 7 contain da ta  on 
the values of t he  flow def lec t ion  angle i n  an oblique shock wave whose angle of 
i nc l ina t ion  i s  given. It is  assumed t h a t  t h i s  shock occurs i n  the  flow behind /179 
the shock wave with the Mach wave numbers M

0 
given i n  the  f i r s t  l i n e  of each 

table .  It w a s  assumed when ca lcu la t ing  the  da ta  i n  these tables.  t h a t  the s ta te  
on the oblique shock va r i e s  i n  such a way t h a t  equilibrium exc i ta t ion  of those 
v ibra t iona l  modes which w e r e  assumed t o  be exci ted i n  the  flow behind the inc i 
dent shock wave is establ ished immediately behind the  shock. 

TABLE 2. 1178 

I I 
MO 535 6,48 7,40 $25 $1,10 12.!15 

1425 1825 2270 3350 4660 6200 

P l l P O  7 3 4  8,35 8,87 9,19 9.41 
1'1 IPo 36,O 49,2 64,4 1000,8 145,3 198,O 
u l , m / s e  13~0 1530 1760 2220 2675 3125I 7'4F 

TABLE 3. 
-. . - ~ . - ~ -. - _ _ 

MO (i 7 8 9 10 i l  
1500 1890 2330 2840 3400 4030 

P l l P O .  8,5 
43 

9,0 
58 

9,s 
77 

9,9 
96 

10.5 
120 

10.7 
146 

1690 1940 2190 2440 2690 
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TABLE 4 .  

.. 

7 I 8 
17x0 2155 
9,88 10,67 
59,7 78,O 
1700 1959 

9 
25!tO 
11J4 
9x,7 
2215 

TABLE 5. 

- -. . . 

(i.48 7,40 8,33 
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Curves 1 and 3 i n  Figures  3 and 4 w e r e  cons t ruc ted  on t h e  b a s i s  of t h e  
va lues  taken from Tables 6 and 7. 
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CALCULATION OF THE ONSET TIME OF EQUILIBRIUM D I S S O C I A T I O N  
ON THE BASIS O F  EXPERIMENTAL DATA CONCERNING THE NON-

STATIONARY PROPAGATION OF A REFLECTED SHOCK WAVE 

T. V. Bazhenova 

A s  discovered i n  previous i n v e s t i g a t i o n s  [l], t h e  v e l o c i t y  of a shock wave/180 
i n  C02 r e f l e c t e d  from t h e  end of a shock tube,  a t  M numbers of t h e  shock wave 

-8-11 and po = 1 2  mm Hg, has  va lues  which correspond t o  f rozen  d i s s o c i a t i o n  of 

molecules, and assume equi l ibr ium va lues  7-30 usec a f t e r  r e f l e c t i o n .  The disso
c i a t i o n  r e l a x a t i o n  t i m e s  of carbon dioxide a t  4,000-6,000"K w e r e  es t imated on 
t h e  b a s i s  of these  d a t a  [ 2 ] .  The es t imat ion  w a s  made on t h e  assumption t h a t  t h e  
v e l o c i t y  of a r e f l e c t e d  wave takes  equi l ibr ium values  i n  a t i m e  i n t e r v a l  TS 
equal  t o  t h e  sum of t h e  d i s s o c i a t i o n  r e l a x a t i o n  t i m e  T0 and t h e  t i m e  of s i g n a l  

propagation a t  t h e  v e l o c i t y  of sound from t h e  end of t h e  tube t o  t h e  f r o n t  of 
t h e  r e f l e c t e d  wave. This process can be more p r e c i s e l y  c a l c u l a t e d  on t h e  b a s i s  
of solving t h e  problem concerning t h e  nonstat ionary propagation of a shock wave 
i n  a re lax ing  gas. 

The problem concerning t h e  nonstat ionary propagation of a shock wave i n  
f r o n t  of a p i s t o n  i n  a re lax ing  gas w a s  solved i n  [3]  by t h e  method of l i n e a r 
ized  c h a r a c t e r i s t i c s .  The problem concerning t h e  r e f l e c t i o n  of  a shock wave 
from a f l a t  w a l l  d i f f e r s  from t h e  problem concerning t h e  propagation of a wave 
i n  f r o n t  of a p i s t o n  by t h e  f a c t  t h a t  t h e  v e l o c i t y  of t h e  p i s t o n  i s  assumed t o  
be equal  t o  zero,  while  t h e  i n i t i a l  flow encounters t h e  r e f l e c t e d  wave a t  a ve
l o c i t y  equal  t o  t h e  v e l o c i t y  of t h e  flow behind t h e  i n c i d e n t  shock wave. For 
t h e  case of t h e  r e f l e c t i o n  of a shock wave from a r i g i d  w a l l ,  t h e  M number of 
t h e  flow behind t h e  shock wave with respec t  t o  t h e  shock wave should be consid
ered t o  be equal t o  M = U0 /a0' where U0 i s  t h e  v e l o c i t y  of t h e  r e f l e c t e d  shock 

wave i n  t h e  absence of d i s s o c i a t i o n  and a0 is  t h e  frozen v e l o c i t y  of sound i n  

t h e  gas behind t h e  r e f l e c t e d  shock wave. 

An expression w a s  der ived i n  [3]  which r e l a t e s  t h e  r e l a x a t i o n  t i m e  T0 t o  

t h e  t i m e  of approach of t h e  v e l o c i t y  of t h e  shock wave t o  t h e  equi l ibr ium value 
of T

S 

here  y i s  t h e  a d i a b a t i c  exponent, which has d i f f e r e n t  va lues  before  t h e  f r o n t  of 
t h e  shock w a v e ,  on t h e  f r o n t  of t h e  shock wave, and near  t h e  p is ton .  Calcula

depends l i t t l et i o n  wi th  formula (1) i n d i c a t e s ,  however, t h a t  t h e  r a t i o  T
S
/ T ~  

on y ,  i f  y v a r i e s  from 1 . 3  t o  1.15 (see below). 
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Application of formula (1) t o  t h e  r e s u l t s  of our measurements of t he  onset 
t i m e  of t he  equilibrium ve loc i ty  of a ' r e f l e c t e d  shock wave i n  carbon dioxide in
d ica tes  t h a t  the  :dissociation -relaxat ion t i m e  T~ is 2.6-times less than the  on

set t i m e  of t he  equilibrium vFloci ty  of t h e  shock wave  T - .  -S D.81 

MO 7.67 8.1 8.45 8.9 9.05 9.6 

uo, m/sec 280 290 290 300 300 320 

ao, m/sec 1,000 1,060 1,100 1,130 1,150 1,200 

T ~ / T ~(Y = 1.3) 1-66 1-65 1.63 1.63 1.62 1.63 

(yT ~ / T ~  = 1.15) 1.64 1.63 1.61 1.61 1.60 1.61 

Ts/To (from [2]) 1.39 1.38 1.36 1.36 1.35 1.36 

The r a t i o  T ~ / T ~from formula (1) is only 15%grea te r  than the  r a t i o  accord

ing t o  the formula (T /T = 1/1- M) which w e  obtained earlier from s i m p l e  con-s o  
s idera t ions  concerning the  propagation of elementary disturbances a t  t h e  veloci
t y  of sound from the  end t o  the  shock wave [2].  The dependence of t h e  onset 
time of equilibrium dissoc ia t ion  on the temperature of t he  gas behind a r e f l ec t 
ed shock wave i s  indicated below. 

T', O K  3,800 4,300 4,600 4,900 5,000 5,500 

T, O K  2,700 2,900 3,000 3,200 3,200 3,300 

PI a t m  14 17 19 21 22 26 

T$, pet-atm 300 350 120 185 	 125 158 
- .  

H e r e  T' is  the temperature on the f ron t  of t h e  r e f l ec t ed  shock wave under 
the assumption of frozen d issoc ia t ion  and excited ro t a t iona l  and v ib ra t iona l  
degrees of molecular freedom; 2' is the8equilibrium temperature behind the  re-
Xlected shock wave; p is the  pressure behind the  re f lec ted  wave; ~ g pis  t h e  dis

soc ia t ion  re laxa t ion  time T0 re fer red  t o  atmospheric pressure,  converted from 

the  experimental values of T
S 

with formula (1). The re laxa t ion  time is obtained 

by an i n d i r e c t  method. It i s  of i n t e r e s t  t o  compare t h e  re laxa t ion  time ob
tained w i t h  c e r t a i n  r e s u l t s  achieved by other  methods. The temperature of car
bon dioxide behind a r e f l ec t ed  shock wave w a s  measured i n  [ 4 ]  under conditions 
which dupl icate  the  conditions of our experiments. The gas temperature behind 
a re f lec ted  wave i n  CO2 w i t h  the ve loc i ty  of t h e  incident  wave 2,100 m / s e c  a t  a 

dis tance of 10 mm from the  end of the tube, a f t e r  passing t h e  f ron t  of t he  re
f l ec t ed  wave, w a s  equal t o  3,350°K, and dropped t o  2,600°K i n  13 2 5 usec. The 
f i r s t  value corresponds t o  the  temperature behind the  r e f l ec t ed  shock wave with 
exci ted v ibra t ions  and frozen d issoc ia t ion ;  the  second value-corresponds t o  t h e  
equilibrium temperature calculated on the bas i s  of t h e  ve loc i ty  of t h e  incident  
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wave at the end. The time of arrival of the temperature at the equilibrium val
ue, corrected to atmospheric pressure, amounts to 200 ? 70 psec. 

The onset time of the equilibrium temperature at T' = 7,000"K (Mo = 11 and 
p0 = 12.7 mm Hg), according to [ 4 ] ,  is not more than 6 psec ( 6  psec is the time 

required to establish reliable readings of the equipment when measuring tempera
ture in the given experiments). Corrected to atmospheric pressure, this time 
amounts to not more than 280 psec. 

Some information concerning dissociation relaxation time can be obtained 
from the results of measuring the C02 concentration and temperature behind an 

incident shock wave, which were determined on the basis of ultraviolet absorp
tion in [ 5 ] .  When Mo = 10.5 (9' = 3,320"K and p = 0.36 atm) variation in compo

sition and temperature was not recorded on the extent of the entire plug up to 
the contact surface (t= 25 psec). When Mo = 12.5, p = 0.5 atm and T ' =  4,050°K, 

a region was observed behind the front of the shock wave which corresponds to a 
drop in temperature and C 0 2  concentration in 15 psec laboratory time, and this 

time was reduced to 7 psec at M0 = 14.8. The times of existence of these non
uniform regions, corrected to atmospheric pressure in a coordinate system con

nected to the gas particles, amounts to 75 psec at T ' =  4,050'K and 21 psec at /182
2" = 6,000'K. On the basis of the data which we obtained and the results of [ 4 ]  
and [ 5 ] ,  the conclusion can be made that the dissociation relaxation time of 
carbon dioxide, corrected to atmospheric pressure at 3,000-6,000aK, amounts to 

approximately 3-1-10-4 sec. 


The results refer to C02 dissociation with a 2% steam content. The relaxa

tion time in moist CO2 is of interest for gas-dynamic investigations, since this 

gas almost always flows in the presence of steam. 


The data obtained, however, can also be used to calculate the dissociation 
kinetics of pure C02, since [ 5 ]  indicates that the rate of CO 2 dissociation has 

slightly differing values in the dry and moist gas. 


Relaxation of dissociation and vibrations at high temperatures renders a 
significant effect on the flow of carbon dioxide and, in particular, on the 
state of the gas behind the shock wave which arises in the flow around bodies. 
The results of determining the dissociation relaxation time make it possible to 
determine the distance at which equilibrium parameters of carbon dioxide are 
established behind a normal shock wave. The results obtained for a normal shock 
give us an idea of the state of the gas behind the detached shock wave which 
arises in the flow around a blunt-nose body. At a pressure of 1 atm behind the 
shock and a 4 km/sec velocity of the incident flow, equilibrium is established 
behind the shock wave at a distance of 3 cm from the front of the shock wave, 
10 cm at a velocity 3 km/sec, and equilibrium is not established at a distance 
of more than 15 cm with a velocity of 2.5 km/sec. 
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The gas temperature in the indicated region varies from the values on the 
front,T ' ,  which correspond to frozen dissociation, to the equilibrium values. 
The difference between these temperatures amounts to several thousand degrees 
[61-
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PECULIARITIES OF MACH REFLECTION OF SHOCK WAVES MOVING I N  
CARBON DIOXIDE AND NITROGEN AT VELOCITIES ON 

THE ORDER OF 2,000 m / s e c  

L. G. Gvozdeva and 0. A. Predvoditeleva 

When a p lane  shock wave encounters a wedge, two processes  occur simultane- /183
ously: r e f l e c t i o n  of t h e  wave from t h e  wedge s u r f a c e  and d i f f r a c t i o n  on its 
leading  edge [l]. L e t  us assume t h a t  a shock wave SAM is  moving along t h e  sur
f a c e  of a wedge (Figure 1) with such a s m a l l  a0 t h a t  r e f l e c t i o n  occurs i r r e g u l a r 

l y .  The flow behind t h e  shock wave is supersonic.  The shock wave c o l l i d e s  with 
t h e  wedge a t  t h e  moment T = 0. The dis turbances which arise as a r e s u l t  of re
f l e c t i o n  of t h e  shock wave are propagated upwards toward t h e  flow, forming p a r t  
of t h e  r e f l e c t e d  wave AR. L e t  us consider  a coordinate  system connected with 
t h e  flow behind t h e  w a v e  i n  region 1. The leading edge of t h e  body moves t o  t h e  
l e f t  with respec t  t o  t h e  system, and t h e  wave moves t o  t h e  r i g h t .  The leading 
edge of t h e  wedge i n  t h e  supersonic  flow moves t o  t h e  l e f t  more quickly than t h e  
dis turbances which occur as a r e s u l t  of wave r e f l e c t i o n .  Consequently, region 
5 w i l l  be  d is turbed  only by t h e  leading edge, and dis turbances caused by t h e  
shock w i l l  no t  occur i n  i t .  Therefore,  t h e  angle  formed by t h e  wave OR with t h e  
wedge s u r f a c e  can be ca lcu la ted  with formulas f o r  a s t a t i o n a r y  supersonic  flow. 
Calculat ions of t h e  Mach conf igura t ion  near  t h e  t r i p l e  p o i n t  can b e  performed on 
t h e  b a s i s  of t h e  three-shock theory under t h e  assumption of s e l f - s i m i l a r i t y  of 
t h e  conf igura t ion  and f o r  an angle  of i n c l i n a t i o n  of t h e  l i n e  of motion of t h e  
t r i p l e  po in t  x known from t h e  experiment. 

W e  i n v e s t i g a t e d  t h e  p e c u l i a r i t i e s  
of Mach r e f l e c t i o n  of shock waves f o r  
Mach numbers M0 > 5. The gas i n  t h i s  

case must be considered t o  be imperfect 
and r e l a x a t i o n  processes  should be tak
en  i n t o  account. The i n v e s t i g a t i o n  w a s  
conducted i n  n i t r o g e n  and carbon dioxide 
on a UT-2 i n s t a l l a t i o n .  A block diagram 
of t h e  i n s t a l l a t i o n  i s  shown i n  Figure 

Figure 1. Diagram of Shock Wave Dif- 2,  where 2 is  t h e  high-pressure cham-
f r a c t i o n  on a Wedge. 	 b e r ,  2,000 ma i n  length ;  2 i s  t h e  low-

pressure  chamber, 2,670 mm i n  length;  
and 3 i s  t h e  experimental  s e c t i o n .  The 

low-pressure chamrSer has  a 40 x 40 mm2 square c ross  s e c t i o n .  

Duralumin wedges w e r e  i n s e r t e d  i n t o  t h e  experimental  s e c t i o n  which w a s  
equipped with windows. The gap between t h e  wedge and t h e  windows of t h i s  sec
t i o n  d i d  n o t  exceed 4% of t h e  shock tube c ross  s e c t i o n .  The wedge v e r t e x  angles 
w e r e  a0 = 2 4 ,  28, 32 and 36". The process  of shock wave r e f l e c t i o n  w a s  photo

graphed with t h e  a i d  of an IAB-451 Topler device 4 and an SFR-L8 high-speed 

203 



camera. The adapter  system f o r  connecting these instruments  cons is ted  of MTO- 1184 
500 and RO-2-12M o b j e c t i v e s .  Thi r ty  frames of t h e  process w e r e  obtained as a 
r e s u l t  of each experiment; t h e  frame diameter w a s  10 mm, t h e  exposure t i m e  of 
each frame w a s  0.5 psec ,  and t h e  frame change t i m e  w a s  4 y s e c .  The reduct ion  
f a c t o r  w a s  10 [2] .  RF-3 f i l m  with a s e n s i t i v i t y  of 1,000 reverse roentgens w a s  
used. The l i g h t  source w a s  an IPS-500 pulse  lamp 5. The power supply of t h e  
lamp is denoted by t h e  number 6. The f l a s h  dura t ion  w a s  500 usec. The f l a s h  
t i m e  of t h e  lamp w a s  synchronized with t h e  moment of r e f l e c t i o n  of t h e  i n c i d e n t  
wave by means of a synchronizat ion u n i t  7. The v e l o c i t y  of t h e  shock wave along 
t h e  tube w a s  measured with p i e z o e l e c t r i c  t ransducers  b u i l t  i n t o  sockets  I-V, and 
on t h e  b a s i s  of photographs of t h e  process.  The measured v e l o c i t y  d i s t r i b u t i o n  
of t h e  shock wave i n d i c a t e d  t h a t  t h e  wave i s  a l ready  completely formed a t  t h e  
moment of i t s  arrival a t  t h e  experimental  s e c t i o n ,  and i t  passes  t h e  f i e l d  of 
v i s i o n  e i t h e r  a t  maximum v e l o c i t y  o r  at a v e l o c i t y  which a t t e n u a t e s  by no more 
than 10%. The v e l o c i t y  of t h e  shock waves f l u c t u a t e d  n e a r  t h e  va lue  of u0 = 
2,000 m / s e c .  

Figure 3 i l l u s t r a t e s  photographs of a 
shock wave i n  n i t r o g e n ,  moving a t  a v e l o c i t y  
of 2,100 m / s e c ,  wi th  r e f l e c t i o n  from a wedge 
with a v e r t e x  angle  of a = 24". The i n i t i a l  

O gas pressure  w a s  p 0 = 1.68.10 4 dynes/cm 2 . 
The f i r s t  frame corresponds t o  a t i m e  of 10.5 
psec from t h e  beginning of flow around t h e  
wedge. Photographs of t h e  propagation of a 
shock wave i n  CO2 are shown i n  Figure 4 .  The 

condi t ions of t h e  experiment w e r e  t h e  s a m e  as 
those f o r  n i t rogen .  The v e l o c i t y  of t h e  wave 
w a s  1,900 m / s e c .  The f i r s t  frame corresponds 
t o  a t i m e  of 23.3 usec from t h e  beginning of 
flow around t h e  wedge. The d i r e c t i o n  of pro
pagat ion of t h e  wave i s  from l e f t  t o  r i g h t :Figure 2. Block Diagram of S A  i s  t h e  undisturbed p o r t i o n  of t h e  i n c i d e n tUT-2 I n s t a l l a t i o n .  wave; AM is  t h e  Mach s t e m ;  ARNO i s  t h e  r e f l e c t 
ed wave; AT is  t h e  contac t  d i s c o n t i n u i t y ;  L 

i s  a t i m e  marker. The mount of t h e  IAB-451 instrument w a s  v e r t i c a l l y  pos i t ion
ed; t h e r e f o r e ,  t h e  dens i ty  grad ien ts  i n  t h e  vertical  d i r e c t i o n  are more d i f f i 
c u l t  t o  d i s t i n g u i s h  than i n  t h e  h o r i z o n t a l  d i r e c t i o n .  

The following p e c u l i a r i t i e s  which d i s t i n g u i s h  t h e  obtained p i c t u r e s  from 
t h e  p i c t u r e s  of r e f l e c t i o n  a t  low M numbers w e r e  noted. 

F i r s t  of a l l ,  a second t r i p l e  po in t  R appears during r e f l e c t i o n .  The re
f l e c t e d  wave i n  carbon dioxide i s  s i t u a t e d  below t h e  t r a j e c t o r y  of motion of 
t h e  t r i p l e  p o i n t ,  while  t h e  r e f l e c t e d  wave i n  n i t rogen  i s  s i t u a t e d  above t h i s  
t r a j e c t o r y .  It is i n t e r e s t i n g  t o  n o t e  t h a t  marked d e f l e c t i o n s  of t h e  r e f l e c t e d  
wave are seen on t h e  photographs of d i f f r a c t i o n  of shock waves on a cone obtain
ed by Bryson and Gross [3], although t h e  authors  themselves do n o t  i n d i c a t e  t h i s .  
A break i n  t h e  r e f l e c t e d  wave during Mach r e f l e c t i o n  w a s  observed a l s o  by White 
[4,  51, whereby t h i s  break, as t h e  author  i n d i c a t e s ,  becomes more expressed as 
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t he  s t rength  of the  shcck wave increases .  

Figure 3. I r r egu la r  Reflect ion of a Figure 4. I r r egu la r  Reflection of a 
Shock Wave i n  Nitrogen. Shock Wave i n  Carbon Dioxide. 
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Secondly , i n s t a b i l i t y  of t he  contact discont inui ty  i s  sharply expressed. 
The contact discont inui ty  i n  ni t rogen evolves i n t o  a vortex,  which is  especial
l y  w e l l  noted i n  the f i f t h  and s i x t h  frames of Figure 3 .  A similar type of in
s t a b i l i t y  w a s  observed a l so  i n  [3 ] .  Sharp f luc tua t ions  of t he  contact discon
t i n u i t y  are v i s i b l e  i n  CO 2 a t  t h e  ver tex  near the  t r i p l e  point .  

Thirdly, i f  t he  Mach s t e m  AM i n  N2 is  s t r a i g h t  and perpendicular t o  the 

w a l l ,  the  s t e m  i n  CO 2 has a not iceable  break. The Mach wave is perpendicular 1186 
t o  the w a l l  near the w a l l  and the  inc l ina t ion  va r i e s  as the  dis tance from the  
w a l l  increases.  

In t e rp re t a t ion  of t he  experiments indicated t h a t  t he  t r i p l e  point  moves on 
a s t r a i g h t  l i n e  inc l ined  a t  a constant angle x t o  t he  wedge surface.  The s e l f -
s imi l a r i t y  of motion of the  configuration of t he  shock waves w a s  checked. The 
dis tances  r along the  given rays from the ver tex  of the  angle t o  the wave w e r e  
determined on each frame. The measured dis tances  r w e r e  p lo t ted  on the  graph 
as a function of the  t i m e  T determined f o r  each frame according t o  the  pos i t ion  
of the shock wave. The t i m e  of arrival of the  wave on the  forward edge of the  
wedge w a s  adopted as the  reference or ig in .  I f  t he  poin ts  l i e  on a s t r a i g h t  l i n e  
f o r  each ray i n  the  coordinates P and T ,  then, consequently, the e n t i r e  p i c tu re  
changes only as a funct ion of the r a t i o  r/-r, < . e . ,  the  motion i s  self-s imilar .  
Figure 5 shows a graph which w a s  obtained f o r  N2 i n  accordance with the photo

graphs of Figure 3 .  The points  which correspond t o  a l l  rays except the  seventh 
l i e  on s t r a i g h t  l i n e s  with a 3% s c a t t e r .  The region near  the leading edge is 
not  self-s imilar ,  and the  corresponding points  l i e  on curve 7. 

.T,psec 

Figure 5 .  Dependence P of the 
Posi t ion of Individual Points 
of a Shock Wave on Time  T. 

A diagram of shock wave r e f l ec t ion  and 
the  introduced designations of the  angles are 
given i n  Figure 6. 

The angles of i nc l ina t ion  of the t ra jec
tory of motion of the  t r i p l e  point x r e l a t i v e  
t o  the wedge s i d e  and the  angles of incl ina
t ion  of the  waves near the  t r i p l e  point  w 1’ 
w2, w3 with respect  t o  the l i n e  of motion of 

the t r i p l e  point  w e r e  determined on the  photo
graphs. 

The value of the angles x makes i t  pos
s i b l e  t o  ca lcu la te  the angles near the  t r i p l e  
point  according t o  the  three-shock theory. 
The angles were calculated by the shock-polar 
method [ 6 ]  i n  a coordinate system connected 
with the t r i p l e  point .  By knowing the state 
of the gas i n  f r o n t  of the shock wave and the  
angle of i n f l u x  i n t o  the wavevo, i t  i s  pos

s i b l e  t o  ca lcu la te  t he  state of the gas behind 
the incident  wave i n  region 1 and the angle of 
def lec t ion  of t he  flow (Figure 6) .  Then, 
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S having assigned var ious  angles  of i n f l u x  of 
t h e  gas i n t o  t h e  r e f l e c t e d  wave yl, <.e . ,  t h e  

v e l o c i t y  of t h e  r e f l e c t e d  wave, it is possi
b l e  t o  c a l c u l a t e  t h e  shock ad iaba t  f o r  t h e  
state of t h e  gas i n  region 2, which is w r i t t e n  
i n  t h e  form of t h e  dependence of t h e  pressure  
drop i n  t h e  r e f l e c t e d  w a v e  p2/p1 on t h e  angle  

of d e f l e c t i o n  of t h e  flow e2. A similar shock 

p o l a r  can be constructed f o r  t h e  Mach wave AM. 
The following condi t ions  of compat ib i l i ty  are 

Figure 6. Diagram of Shock s a t i s f i e d  a t  t h e  p o i n t  of i n t e r s e c t i o n  of the1187 
Wave Reflect ion.  po lars :  e q u a l i t y  of pressures  i n  regions 2 

and 3 and p a r a l l e l i s m  of t h e  flows i n  t h e s e  
regions,  < . e . ,  p2 = p 3  and O 3  = O1 - e2. The 

parameters a t  t h i s  p o i n t  provide t h e  sought so lu t ion .  

The shock p o l a r s  w e r e  c a l c u l a t e d  by t h e  method of success ive  approximations, 
which i s  discussed i n  d e t a i l  i n  t h e  a r t ic le  [7]  f o r  two assumptions concerning 
t h e  state of t h e  gas behind i n c i d e n t  and r e f l e c t e d  waves. I n  t h e  f i r s t  vers ion  
of t h e  c a l c u l a t i o n ,  which w e  have designated by letters without  primes, i t  w a s  
assumed t h a t  t h e  v i b r a t i o n s  behind t h e  i n c i d e n t  and r e f l e c t e d  waves w e r e  equi l ib
rium-excited and d i s s o c i a t i o n  had n o t  occurred. This assumption w a s  made on 
t h e  b a s i s  of re ference  d a t a  [ 8 ] ,  where i t  i s  pointed out  t h a t  i n  processes up t o  
100-150 psec i n  dura t ion ,  under similar condi t ions,  d i s s o c i a t i o n  does n o t  take 
p l a c e  and t h e  gas is i n  a nonequilibrium state. I n  t h e  second vers ion  of t h e  
c a l c u l a t i o n ,  t h e  gas w a s  considered t o  be p e r f e c t  wi th  a s p e c i f i c  h e a t  r a t i o  
y = 1.4. The corresponding parameters are denoted by letters with s u p e r s c r i p t  
primes. The enthalpy va lues  w e r e  taken from t h e  t a b l e s  i n  [9] .  The i n i t i a l  gas 

parameters w e r e  p 0 = 1.68-104 dynes/cm2 and To = 298°K. The c a l c u l a t i o n  r e s u l t s  

and t h e  experimental  va lues  f o r  C02 and N2 are - l i s t e d  i n  Table 1. The experi

mental values  of t h e  angles  w2 w e r e  obtained f o r  t h e  t i m e s  T from 10 psec t o  22

30 psec from t h e  beginning of flow around t h e  wedge. 

Calcu la t ion  of Three-Shock Configuration f o r  C02 and N2. 

The following des igna t ions  w e r e  a d d i t i o n a l l y  employed i n  Table 1: um i s  

Mach wave v e l o c i t y ;  u0 i s  t h e  i n c i d e n t  wave v e l o c i t y ;  T i s  t h e  temperature i n  

OK; and p is  t h e  pressure .  The s u b s c r i p t s  0 ,  1, 2 and 3 r e f e r  t o  regions of 
undisturbed flow, flow behind t h e  i n c i d e n t  wave, behind t h e  r e f l e c t e d  wave, and 
behind t h e  Mach wave, respec t ive ly .  The designat ions of t h e  angles are given 
i n  Figure 6. 

The c a l c u l a t e d  dependence of t h e  angle of r e f l e c t i o n  w2 on t h e  angle  in- /188 
cidence w 1 is  p l o t t e d  on t h e  graph i n  Figure 7 i n  t h e  case of Mach r e f l e c t i o n  
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TABLE 1. 

GO: 

- ._-

24'00' 28~00'  3loW 
1900 2040 2070 
9030' 

-t 20f 20 
5'40' 

-110+-3= 
630(1' 

- 1 p  f3"-
-12'06' -t3'1 9' -14Q12' 

7O31' 8004' 9011' 
1 580 1970 2020 
58.7 67.9 69.9 

56'30' 54'20' 32" 10' 
I850 2090 21 7 0  
t .43 1,50 1.68 
2350 2525 3090 
83,9 102.0 11 8.0 
2250 2500 2500 
2900 . .  3370 3470 
53.4 61.3 63.0 
31tO 3575 4100 
t .40 t ,49 t .69 
3940 4755 5490 
76,4 92.4 t06,O 
2245 2485 2680 

f o r  the  f i r s t  version. 

The gas w a s  C02 and the shock wave ve loc i ty  w a s  u0 = 9.9 kmfsec. The 

values of w 2 calculated f o r  a ve loc i ty  of 2.1 km/sec d i f f e r  from the values f o r  

the veloci ty  of 1.9 km/sec by no more than lo, and a corresponding curve i s  not 
given i n  Figure 7. Experimental points  are given f o r  the incident  wave ve loc i ty  
i n  the range of 1.9-2.07 km/sec. 

It i s  evident from the  t ab le  and Figure 7 t h a t  the calculat ions f o r  CO2 
with v ibra t ion  exc i t a t ion  taken i n t o  account provides a sa t i s f ac to ry  agreement 
with the experiment. The values of t he  angles w2, i f  v ibra t ions  are taken i n t o  

account, are negative,  i . e . ,  the  re f lec ted  wave goes below from the  t r i p l e  point 
under the l i n e  of its motion. A qua l i t a t ive  matching i s  obtained f o r  N2 s ince  

the values of w2 i n  accordance with the experiment are pos i t ive .  The poor v i s i 

b i l i t y  of the  vertical  gradients  i n  N2 did not make i t  possible  t o  der ive ac

curate  values f o r  w2 '  

Negative values of angles w2 obtained f o r  the  ca lcu la t ion  i n  CO2 made it 

possible t o  c l a r i f y  the  d i s t inc t ion  i n  the pa t t e rn  of Mach r e f l ec t ion  a t  high 
and low M numbers. 
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Negative va lues  of t h e  angles  i n d i c a t e  t h a t  t h e  
r e f l e c t e d  wave is  loca ted  below t h e  t r a j e c t o r y  of 
motion of t h e  t r i p l e  po in t .  The shock wave  a t  t h e  
t i p  always goes above t h e  l i n e  of motion of t h e  t r i p l e  
po in t .  Consequently, t r a n s i t i o n  of t h e  wave flowing 
around t h e  wedge i n t o  a r e f l e c t e d  wave o r i g i n a t i n g  
from t h e  t r i p l e  po in t  cannot occur smoothly, and a 
break i n  t h e  r e f l e c t e d  w a v e  should appear, thereby 
changing t h e  form of t h e  ent i re  p i c t u r e  of r e f l e c t i o n  
( see  Figure 4 ) .  

Measurement of t h e  angles  of t h e  a t tached  w a v e  
a t  t h e  t i p  of t h e  wedge, which w a s  arranged on t h e  
w a l l  of t h e  shock tube and, consequently,  i n  t h e  
boundary l a y e r  behind t h e  wave, can serve as a check 
on t h e  cor rec tness  of our assumptions concerning t h eFigure 7. Dependence s ta te  of t h e  gas behind an inc ident  wave i n  C02. I f

of w2 on w1 with Ir
regular  Ref lec t ion  of 	 w e  consider  t h e  v i c i n i t y  of t h e  ver tex  of the  wedge, 

t h e  p i c t u r e  w i l l  be  s i m i l a r  t o  t h e  diagram given i n  a Shock Wave i n  C02. Figure 8. I n  t h e  f i r s t  microseconds, t h e  shock wave 
a t  t h e  t i p  occupies t h e  p o s i t i o n  OBC. I n  20-30 psec 

a f t e r  t h e  beginning of flow, t h e  wave occupies t h e  p o s i t i o n  ABC; a break appears 
i n  t h e  wave, and t h e  wave moves upward toward t h e  flow. This phenomenon i s  
caused by t h e  e f f e c t  of thickening of the  boundary l a y e r .  I n  C02, where t h e  

-

wave is  at tached,  measurements w e r e  conducted t o  t h e  t i m e s  T = 20 psec according 
t o  t h e  i n c l i n a t i o n  of t h e  wave ABC, a f t e r  bending of t h e  wave, < . e . ,  according 
t o  t h e  i n c l i n a t i o n  of s e c t i o n  BC. 

Since t h e  boundary l a y e r  increases  not  only on t h e  s u r f a c e  of t h e  wedge,but 
a l s o  on t h e  l a te ra l  w a l l s  of t h e  tube,  a shock on t h e  wedge undergoes changes 
s i m i l a r  t o  those which occur i n  t h e  r e f l e c t i o n  of a shock wave from an end p lane  
[lo], i . e . ,  a so-cal led "b i furca t ion"  i s  obtained,  only i n  a s i m i l a r  degree due 
t o  t h e  decrease i n  i n t e n s i t y  of t h e  wave and t h e  angle  of i t s  i n c l i n a t i o n .  A c t 
u a l l y ,  some s t r a t i f i c a t i o n  of t h e  at tached wave can be seen i n  Figure 4 (espe
c i a l l y  frame 5 ) .  The c e n t r a l  l i n e  along which a l l  measurements w e r e  made corre
sponds t o  t h e  p o r t i o n  of t h e  r e f l e c t e d  wave s i t u a t e d  i n  t h e  nucleus.of the  flow. 

The r e s u l t s  of measurements of angle  u of t h e  a t tached  wave i n  C02, depend

i n g  on t h e  t i m e  T from t h e  moment of t h e  beginning of flow, are shown i n  Table 
2 f o r  t h e  same experiments, t h e  d a t a  from which are given i n  Table 1. The ac
curacy of measuring angle  u i s  51" (with t h e  except ion of i n d i v i d u a l  measure- 1189 
ments, whose e r r o r s  are i n d i c a t e d  i n  t h e  t a b l e ,  t h e  accuracy of determining T 
i s  r0.4 psec).  

I n  order  t o  make conclusions concerning t h e  s ta te  of t h e  gas on t h e  b a s i s  
of t h e  measurements, t h e  gas  parameters behind a shock wave formed i n  a super
sonic  flow around t h e  forward edge of a wedge w e r e  c a l c u l a t e d  under var ious as
sumptions concerning t h e  s ta te  of t h e  gas behind an i n c i d e n t  and r e f l e c t e d  wave. 

The c a l c u l a t i o n  w a s  performed with t h e  shock-adiabat method i n  a coordinate  
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system connected with t h e  vertex of t h e  wedge, and va lues  of the angle  p
5 be

tween , the  d i r e c t i o n  of t h e  i n c i d e n t  flow and t h e  wave on t h e  wedge w e r e  select
ed (see  Figure 6)  f o r  which t h e  e q u a l i t y  between t h e  angle  of t h e  r e f l e c t e d  flow 
and t h e  wedge angle  c10 \was s a t i s f i e d .  

Figure 8. Flow Around a Wedge by 
a G a s  Behind a Shock Wave a t  t h e  
Time T 1 and T2 a f t e r  Arrival of a 

Shock Wave a t  t h e  Vertex of t h e  
Angle, T~ < T ~ .  (a, b y  c )  N2 gas;  
T~ = 22.5 psec and T2 = 42.5 psec; 
(d, e) C02 gas;  -c2 = 38.5 psec. 
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The experimental  and ca lcu la ted  values  
of t h e  angles  are shown i n  Figure 9. The 
c a l c u l a t i o n  w a s  performed f o r  a v e l o c i t y  
of 2,000 m / s e c .  Curve 1w a s  ca lcu la ted  
under t h e  assumption of equi l ibr ium exc i ta 
t i o n  of v i b r a t i o n s  behind t h e  inc ident  and 
a t tached  waves and t h e  absence of d i ssoc ia
t i o n ;  curve 3 w a s  c a l c u l a t e d  under t h e  as
sumption t h a t  y = 1.4 both behind t h e  in
c ident  wave and t h e  a t tached  wave. 

A conclusion w a s  made i n  [ll,121 con
cerning t h e  face t h a t  i n  t h e  range of M

0 
= 

6-11 n o t  only is t h e r e  no d i s s o c i a t i o n  be
hind t h e  shock wave, b u t  asymmetrical va
l e n t  v i b r a t i o n s  of CO2 molecules are n o t  

exc i ted  i n  a t i m e  on t h e  order  of 100 psec. 
Curve 2 i s  drawn i n  Figure 9 ,  which w a s  
c a l c u l a t e d  under t h i s  assumption. The ex
perimental  p o i n t s  are loca ted  between 
curves 1 and 2,  which i n d i c a t e s  t h e  cor rec t 

.ness  of t h e  assumptions made i n  t h e  c'alcu
l a t i o n s  of Mach r e f l e c t i o n .  

Thus , i t  w a s  e s t a b l i s h e d  experimental
l y  t h a t  Mach r e f l e c t i o n  a t  high shock wave 
v e l o c i t i e s  (on t h e  order  of 2 km/sec) has  
e s s e n t i a l  p e c u l i a r i t i e s  i n  comparison with 1190 
t h e  case of weaker waves i n  an i d e a l  gas. 
The r e f l e c t e d  wave i n  C02 has  a break and 

its s t r a i g h t  p o r t i o n  near  t h e  t r i p l e  p o i n t  
is loca ted  c l o s e r  t o  t h e  wedge s u r f a c e  than 
t h e  t r a j e c t o r y  of motion of t h e  t r i p l e  
po in t .  The Mach s t e m  has a break. Ins ta 
b i l i t y  of t h e  contac t  d i s c o n t i n u i t y  i s  sharp
l y  expressed. Both i n  C02 and N2, t h e  con

tact  d i s c o n t i n u i t i e s  are unstable.  The 
s e l f - s i m i l a r i t y  of motion and t h e  applica
b i l i t y  of t h e  three-shock theory were check
ed i n  t h i s  region. The three-shock theory 
provides good agreement f o r  C02 under t h e  

assumption concerning t h e  e x c i t a t i o n  of 
v i b r a t i o n s  of gas molecules. 



TABLE 2. VARIATION OF ANGLE OF INCLINATION OF ATTACHED 
WAVE AT WEDGE VERTEX I N  CO, AS A FUNCTION OF TIME T. 
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'psec 

-
-
-
-
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Figure 9. Depend
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cy, i n  C02. 
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21 1 8 O  22,5 190 21,3 200 
25 
29 

18O40' 
18O40' 

26,5 
30,5 
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20° 

25'3 
29,3 

-
-

33 190 345 210 33,3 200 
37 1 8 O  38,5 210 37,3 200 
41 190 - - - -

-
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NONSTATIONARY HEAT EXCHANGE I N  THE REFLECTION 
OF A SHOCK WAVE 

Yu. A. Polyakov 

A shock tube makes i t  poss ib le ,  under labora tory  condi t ions ,  t o  reproduce 1192 
t h e  following problem, which i s  important f o r  t h e  gas dynamics of f l i g h t  vehi
cles: t h e  r e f l e c t i o n  of a shock wave from a s o l i d  w a l l .  The process  of t h e  for
mation of a shock wave i n  f r o n t  of a body t h a t  is f l y i n g  a t  supersonic  v e l o c i t y  
is, i n  p r i n c i p l e ,  a nons ta t ionary  process ,  and i t  should b e  considered as a re
f l e c t i o n  process.  I n  a d d i t i o n  t o  t h e  gas-dynamic parameters,  t h e  r e f l e c t i o n  pro
cess is a l s o  determined by t h e  h e a t  exchange between the  s o l i d  and t h e  l a y e r  of 
dece lera ted  high-temperature gas which arises ins tan taneous ly  a f t e r  t h e  r e f l e c 
t i o n  of t h e  wave. I n  t h i s  case, a f t e r  a c e r t a i n  length  of t i m e ,  t h e  gas i s  
s t a t i o n a r y  n e a r  t h e  w a l l ,  and w e  have t h e  nonstat ionary t r a n s f e r  of energy t o  
t h e  w a l l  under t h e  condi t ions  of contac t  of two media with var ious i n i t i a l  t e m 
pera ture  condi t ions.  The energy l o s s e s  r e l a t e d  t o  t h e  thermal conduct ivi ty  of 
t h e  mixture,  d i f f u s i o n  ( taken i n t o  account during recombination of atoms on t h e  
wal l )  and emission a t  high M a f f e c t  t h e  v e l o c i t y  of t h e  r e f l e c t e d  wave, t h e  
r e l a x a t i o n  processes  and, as a r e s u l t ,  t h e  process of t h e  formation of a shock 
wave near  t h e  body. Determination of t h e  h e a t  flows during r e f l e c t i o n  makes i t  
poss ib le  t o  estimate t h e  l o s s e s  and t o  trace t h e i r  e f f e c t  on t h e  gas dynamics of 
t h e  r e a c t i n g  gas. 

Procedure for Measuring H e a t  Flows 

Tne b r e v i t y  of t h e  processes  i n  shock tubes imposes s e r i o u s  requirements 
on t h e  recording equipment. T o  o b t a i n  r e l i a b l e  information on a process ,  a de

vice i s  needed with a t i m e  r e s o l u t i o n  of up t o  10-6-10-7 sec .  An important 
va lue  i s  acquired by quest ions of i n e r t n e s s  and s e n s i t i y i t y  of t h e  h e a t - t r a n s f e r  
meter when measuring h e a t  e f f e c t s  under t h e  condi t ions of rap id  processes .  I n  
a d d i t i o n  t o  th in- f i lm r e s i s t a n c e  thermometers [l, 21, c a l o r i m e t r i c  t ransducers  
are employed i n  t h e  s tudy of h e a t  exchange i n  a shock tube; these  t ransducers  
d i r e c t l y  measure t h e  h e a t  flows by i n t e g r a t i n g  t h e  nonstat ionary temperature pro
f i l e  along t h e  th ickness  of t h e  measuring p l a t e  (calor imeter)  [ 3 ] .  I n  t h i s  case 
t h e  r e s u l t s  of t h e  experiments are q u i t e  accura te  u n t i l  h e a t  l o s s e s  begin t o  
show up i n  t h e  backing. An i n c r e a s e  i n  t h e  thickness  of t h e  t ransducer  leads  
t o  a decrease i n  s e n s i t i v i t y  of t h i s  method, an excessive decrease i n  thickness  
of t h e  ca lor imeter  decreases  t h e  "real'' t i m e  of t h e  experiment, o r  t h e  l o s s e s  
i n  t h e  backing i n c r e a s e  i n  t i m e ,  and t h e  recording technique is n o t  taken i n t o  
account. 

Consequently, when s e l e c t i n g  t h e  ca lor imeter  t h i c k n e s s , t h e  material of t h e  
t ransducer  and t h e  backing on which it is  placed, i t  i s  necessary t o  analyze the 
technique from t h e  viewpoint of h e a t  l o s s e s  through t h e  contac t  sur face :  i.e., 
p l a t e  ( t ransducer)  p l u s  semibounded body (backing). 
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An expression w a s  der ived i n  [ 4 ]  f o r  t h e  temperature f i e l d  of t h e  backing 1193 
when it makes contac t  w i t h  t h e  p l a t e ,  on t h e  f r e e  s u r f a c e  of which a h e a t  f low 
qo acts,. Beginning wi th  t h e  per iod of time T > T0' t h e  temperature f i e l d  of 

t h e  backing is  determined by t h e  following expression:  

where z = l i 	' vz  [ 4 ] ;  ai and Xi are t h e  thermal d i f f u s i v i t y  and t h e  h e a t  conduc
bl a i  

t i v i t y  of t h e  backing, r e s p e c t i v e l y ;  am and Xm are t h e  thermal d i f f u s i v i t y  and 

t h e  h e a t  conduct iv i ty  of t h e  p l a t e ,  r e s p e c t i v e l y ;  z i s  t h e  th ickness  of t h e  
t ransducer .  

The problem c o n s i s t s  of determining t h e  h e a t  f low t o  t h e  backing, depend
2ing  on t h e  c h a r a c t e r i s t i c  of t h e  p a i r  z and F o  = am . r /z  . W e  s h a l l  d i f f e r e n t i a t e  

expression (1) with respec t  t o  z 

The h e a t  flow t o  t h e  backing is  determined as fol lows:  

The r e l a t i v e  hea t  flow is  determined from (3 )  i n  t h e  following manner: 

The c a l c u l a t i o n  of qn / qO as a func t ion  of Fo i s  performed with formula ( 4 )  f o r  

combinations of materials of t h e  p l a t e  and t h e  semibounded body which encompass 
p r a c t i c a l l y  a l l  combinations of t ransducers  and backings. I n  t h i s  case t h e  
thermophysical p r o p e r t i e s  of t h e  materials w e r e  considered t o  be independent of 
temperature ( see  t a b l e ) .  

Figure 1 i l l u s t r a t e s  t h e  r e s u l t s  of t h e  c a l c u l a t i o n s .  It can b e  seen from 
t h e  graph t h a t  t h e  th ickness  of t h e  c a l o r i m e t r i c  t ransducer  i s  r e l a t e d  t o  t h e  
t i m e  of t h e  experiment and t h e  amount of given (and n o t  considered i n  t h e  experi
ment) l o s s e s  a c r o s s  t h e  contac t  t o  t h e  backing. I f  w e  adopt 4% (q,/qo = 0.04) 

as t h e  permiss ib le  amount of l o s s e s ,  t h e  corresponding FOP can b e  determined 
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f o r  each p a i r  of mater ia l s  character-
TABLE i z e d  by t h e  quant i ty  z .  The thickness  

of t h e  t ransducer  i s  e a s i l y  determined 
~- f o r  t h e  adopted and experiment t i m e

Plate -( t rans- Semibounded 
ducer) body (backing) 

z T as 1 = Jam-r/Fo
P r  -. -~ .. 

copper asbestos  (sheet)  0.016 Thus, i n  our case, f o r  a nickel-

n i c k e l  eboni te  0.020 f o i l  t ransducer  ( z  = 0.02) w i t h  a thick
ness of = 50 microns, during an ex-

platinum asbestos  ( shee t )  0*046 periment of up to-500 psec i n  dura

n i c k e l  , 0.186 t i o n ,  t h e  h e a t  flow across  t h e  contact  I194 
t o  t h e  backing cannot exceed+4.2% of 

t h e  h e a t  flow accumulated by t h e  t ransducer .  As w i l l  b e  i n d i c a t e d  below, t h e  
s e l e c t i o n  of t h e  t ransducer  th ickness  z and t h e  thickness  of i ts material i s  
c l o s e l y  r e l a t e d  t o  t h e  s e n s i t i v i t y  of t h e  c a l o r i m e t r i c  method of measurement. 

To s tudy t h e  h e a t  exchange behind a 
r e f l e c t e d  wave, t h e  c a l o r i m e t r i c  t ransducer  
w a s  made from n i c k e l  f o i l  50 microns i n  
thickness  and 2.5 x 10 mm i n  area, and w a s  
glued t o  an eboni te  backing made i n  t h e  
shape of a d isk .  BF-2 adhesive,  due t o  
i t s  low h e a t  conduct ivi ty ,  promotes a de
crease i n  hea t  l o s s e s  across  t h e  contac t  
during t h e  experiment. Silver leads  w e r e  
welded t o  t h e  ends of t h e  t ransducer .  

Since t h e  c a l o r i m e t r i c  t ransducer  
operates  on t h e  p r i n c i p l e  of a resistance 
thermocouple,- i t  is easy t o  der ive  t h e  re--

Figure 1. Dependence of 4 / q  on l a t i o n s h i p  between t h e  heat flow measured 
0 n O  by t h e  t ransducer  and t h e  vol tage  change
LF o ( F o  = a m T / Z  ). (1) z = 0.016; i n  it when t h e  i n i t i a l  cur ren t  is flowing 

(2) 2 = 0 .020 ;  (3 )  z = 0.046; (4) through t h e  c i r c u i t .  

z = 0.186. It may be considered t h a t  t h e  r e l a 
t i o n s h i p  Rt = R o [ l  + a(t - t o ) ]i s  satis

f i e d  f o r - t h e  t ransducer  m a t e r i a l ,  where Rt i s  t h e  r e s i s t a n c e  of t h e  t ransducer  

a t  temperature t,R0 
i s  t h e  r e s i s t a n c e  o f  t h e  t ransducer  a t  t h e  i n i t i a l  tempera

t u r e  t0’ and a is  t h e  temperature c o e f f i c i e n t  of t h e  r e s i s t a n c e  of t h e  t rans

ducer material. 
0 


It is  important t o  n o t e  t h a t  t = l / z  I t ( x ,  T)& ( see  Figure l), where 

- L  
t ( x ,  T) is  t h e  temperature p r o f i l e  along t h e  transducer thickness .  It is  easy 
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0 

have $=% 1& (Igrad t )  &=2!% ().grad 1 )  i, where y is  t h e  dens i ty  of t h e  sub1;c 

s t a n c e  and e i s ' t h e  s p e c i f i c  hea t .  If we-6isregard t h e  heat l o s s e s  across  t h e  
contac t  t o  t h e  backing, dRtIdT = q T a R o / Z y c ,  where q, = -A grad t is  t h e  h e a t  

flow across  t h e  s u r f a c e  x = -2. I f  measuring c u r r e n t  I
0 

flows across  t h e  t rans

ducer , 
dRt du Q@n 
dr l o d r - L:c 

o r  & / d T  = aI R q /Zyc is t h e  t i m e  d e r i v a t i v e  of t h e  s i g n a l  (change i n  poten-
O O T  

t i a l  d i f f e r e n c e  on t h e  t ransducer ) .  Consequently, 

du 
a loRo dr ' (5) 

dk" l"The s e n s i t i v i t y  of t h e  t ransducer  i s  determined as l U = - q x A : .
LYC 

To i n c r e a s e  t h e  s e n s i t i v i t y  of t h e  t ransducer ,  s i n c e  A T  i s  on t h e  order  
of a microsecond, w e  t r y  t o  select OlR I / l y e  as l a r g e  as poss ib le .  This means /1950 0  
t h a t  i t  is  necessary t o  select  a material f o r  t h e  t ransducer  with t h e  h ighes t  

va lue  of op0 /cy. I n  our experiments a p  0 / y e  = 3.6 x [ohms." 2/kcal/m 2 1. 

The c a l o r i m e t r i c  method has  a number of advantages over t h e  f i l m  t rans
ducer f o r  i n v e s t i g a t i n g  h e a t  exchange a t  high M

S 
: 

1. The ca lor imeter  t ransducer  i s  durable  and can withstand s i g n i f i c a n t  
thermal shocks a t  high M (-20) without an e s s e n t i a l  change i n  i t s  phys ica lsp r o p e r t i e s .  

2. I n  view of the  f a c t  t h a t  t h e  opera t ing  r e s i s t a n c e  of t h e  calor imeter  
t ransducer  i s  100 t i m e s  less than the  r e s i s t a n c e  of t h e  f i l m  transducer ,  t h e  
e f f e c t  of t h e  shunt ing r e s i s t a n c e  of t h e  conducting medium on t h e  transducer 
readings w i l l  show up a t  h igher  M

S 
than f o r  t h e  f i l m  transducer .  Consequently, 

t h e  range of a c t i o n  of the  ca lor imeter  t ransducer  i s  somewhat wider. Calori
meters can b e  employed f o r  media with a h igher  percentage of ion iza t ion .  

3. The manufacturing technique of t h e  ca lor imeter  t ransducer  i s  n o t  com
p l i c a t e d  and does n o t  r e q u i r e  s p e c i a l  equipment. 

4 .  It can b e  seen from equat ion (5) t h a t  a c a l o r i m e t r i c  t ransducer  i n  an 
experiment measures t h e  q u a n t i t y  du/dT , which determines t h e  amount and charac
ter of h e a t  flow. 

Thus, t h e  charac te r  of energy l o s s e s  during b r i e f  processes  can be evalu
a t e d  on t h e  b a s i s  of p u l s e  shape by a s i n g l e  value.  

Application of a n i c k e l  t ransducer  makes i t  p o s s i b l e  t o  approximate t h e  
a c t u a l  condi t ions with r e s p e c t  t o  t h e  w a l l  material of t h e  shock tube,  s i n c e  
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t h e  h e a t  flow t o  t h e  g l a s s  backing i n  a nonstat ionary process f o r  a f i l m  t rans
ducer and t h e  h e a t  flow t o  t h e  s teel  w a l l  of t h e  shock tube are n o t  equal  t o  
one another i n  p r i n c i p l e .  Spec ia l  methodological experiments are necessary i n  
order  t o  eva lua te  t h e  d i f f e r e n c e  between them. 

Shock Tube. ElZperiment 

The experiments w e r e  conducted i n  a s t a i n l e s s - s t e e l  shock tube w i t h  an 
i n t e r n a l  diameter of 50 mm. A single-diaphragm vers ion  of tube opera t ion  w a s  
employed with hydrogen as t h e  propel l ing  gas and a i r  i n  t h e  low-pressure cham
b e r .  A VN-461 f o r e  pump with an  o i l  t r a p  w a s  used t o  create a prel iminary vacu
um i n  t h e  chambers; t h e  vacuum w a s  measured by a VT-2P thermovacuum m e t e r .  The 
layout  of t h e  experimental  apparatus is shown i n  Figure 2. The length  of the 
low-pressure chamber amounted t o  approximately 4 m. An i o n i z a t i o n  t ransducer  
w a s  placed a t  a f i x e d  d i s t a n c e  from t h e  end; t h i s  t ransducer  t r i g g e r e d  the scan
ning  of an 10-4 osc i l lograph  as a shock wave passed by it. The v e l o c i t y  of the 
i n c i d e n t  shock wave w a s  determined as t h e  quot ien t  from div id ing  t h e  d i s t a n c e  
between t h e  i o n i z a t i o n  t ransducer  and t h e  end of t h e  shock tube by t h e  t i m e  i n  
which t h e  wave t r a v e l e d  t h i s  d i s tance .  

The c a l o r i m e t r i c  t ransducer  w a s  p laced f l u s h  a g a i n s t  t h e  end s u r f a c e  to
ward t h e  f r o n t  of t h e  shock wave. The leads  from t h e  t ransducer  w e r e  s e a l e d  
with s p e c i a l  vacuum cement. 

Af te r  r e f l e c t i o n ,  t h e r e  appeared a new energy s ta te  i n  t h e  gas volume a t  
t h e  end of t h e  tube; t h i s  s ta te  can b e  ca lcu la ted ,  i n  p r i n c i p l e ,  under any as
sumption concerning t h e  charac te r  of behavior of t h e  phys ica l  and chemical pro
cesses i n  t h e  gas. The experiments w e r e  conducted a t  an i n i t i a l  tube pressure  

of pl = 10-3 a t m  i n  a shock wave v e l o c i t y  range from 2.5 t o  4.5 km/sec. On t h e  

assumption of equi l ibr ium d i s s o c i a t i o n  behind t h e  r e f l e c t e d  shock wave, t h e  gas 
parameters from t h e  velo
c i t y  of t h e  i n c i d e n t  wave 
are given i n  Figure 3 [51. 

0 

Figure 2. Schematic D i a 
gram of Experimental I n s t a l 
l a t i o n  (Shock Tube and Mea
s u r i n g  C i r c u i t ) .  (1)high
pressure  chamber; (2) low-
pressure  chamber; ( 3 )  dia
phragm; ( 4 )  manometer; (5) 
VT-2 vacuum gauge; ( 6 )  syn
chronizat ion u n i t ;  (7) d-c 
ampl i f ie r ;  (8) calor imeter  
t ransducer;  (9)  backing 
(eboni te)  ; (10) compressed 
hydrogen cy l inder ;  (11) 
f o r e  pump; (12) 10-4 pulse  
osc i l lograph .  
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The hea t  flows w e r e  measured i n  the experiment a t  F3 = 6,500"K and p = 2 a t m ,  
when over 50% of the  a i r  molecules are i n  a d issoc ia ted  state. 

v - m 
S' sec 

Figure 3. Dependence of Temperature 
IT3,  Density p 3' Pressure p 3' and Velo

c i t y  of Reflected Wave D on Velocity 
of Incident Wave V (Equilibrium D i s -

Ssoc ia t ion) .  

Figure 4 shows a t y p i c a l  photo- 1197 
graphic oscil logram of a pulse  from a 
ca lor imet r ic  transducer.  It can be 
seen from the  experiment t h a t  d u / d ~  
varies i n  proportion t o  1/G. The 
a r r i v a l  of t he  contact sur face  is clear
l y  v i s i b l e  i n  the  photograph. Conse
quently,  t he  hea t  flow during the  ex
periment varies I/&. It i s  known from 
the  theory of hea t  conductivity [6]  
t h a t  t h i s  l a w  of va r i a t ion  of t he  hea t  
flow i n  t i m e  i s  accomplished only i n  
the  case when the  temperature on the  
boundary of a semibounded body remains 
constant during the  hea t  exchange pro- , 

cess a f t e r  an instantaneous rise. 

I n  o ther  words, t he  contact tem
perature  of two media remains constant 
during the  r e f l e c t i o n  period, which 
confirms the  theo re t i ca l  conclusions 
of nonstationary contact hea t  exchange 
[71 

Figure 4. Typical Photographic Oscillogram of H e a t  
Pulse From a Calorimetric Transducer After  Reflec
t ion  of a Shock Wave. p, = 0.76 mm Hg; Ms = 8.0; 
lO-psec markers. 

Actually, t h e  f i lm  transducer,  which w a s  placed a t  the  end, recorded a 
constant rise i n  sur face  temperature by A t ,  which var ied depending on the  condi
t ions.  

Figure 5 i l l u s t r a t e s  the  experimental values which correspond t o  the  hea t  
flows a f t e r  a 30th of a microsecond from the beginning of the  hea t  exchange pro

7 2 
cess. The high absolute  value of the hea t  flowe, which reach 10 kcal/m h r ,  
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should b e  noted. 

q 0 1 0 - ~, kcal/m2hr 
10 CY Discussion of Resul ts  of Experiments 

# 
0 1 1  

In t h e  r e f l e c t i o n  of a shock wave, a lay
er of r e a c t i n g  gas arises a t  t h e  end w a l l  wi th  

5 nonstat ionary temperature grad ien ts  and con
c e n t r a t i o n  of mixture components near  the w a l l .  
Due t o  t h e  s h o r t  t i m e  i n  which the high-tem
p e r a t u r e  gas remains a t  t h e  w a l l  (a t e n t h  of 

2500 3ooo 3500 yoOD y500 
a microsecond) , n a t u r a l  convection can b evs, 

Figure 5. Dependence of H e a t  d isregarded,  and t h e  h e a t  flow t o  t h e  w a l l  

Flow q t o  t h e  End of a Shock is  determined by t h e  sum of t h e  amount of heat 

Tube Af ter  Ref lec t ion  of a due t o  h e a t  conduct iv i ty  and t h e  amount of 

Wave on t h e  Veloci ty  of t h e  h e a t  t ransmi t ted  t o  t h e  body due t o  d i f f u s i o n .  

Inc ident  Wave V
S 
. pl = 0.76 The latter, however, i s  considered only f o r  

recombination of atoms on t h e  w a l l .  
mm Hg;'T ea2 = 30 psec. 

The most d e t a i l e d  a n a l y s i s  of t h e  problem 
of h e a t  t r a n s f e r  f o r  a binary mixture w a s  con

ducted by Fay and Riddle [8] , t h e  q u a l i t a t i v e  aspec t  of which can be extended to/198 
the  problem of h e a t  exchange behind a r e f l e c t e d  shock wave. 

It should b e  r e c a l l e d ,  however, t h a t  t h e r e  i s  no dynamic boundary l a y e r  
during r e f l e c t i o n  and energy t r a n s f e r  is accomplished under condi t ions of non
s t a t i o n a r y  concentrat ion and temperature boundary l a y e r s .  I n  t h i s  case it is 
more c o r r e c t  t o  conduct t h e  a n a l y s i s  by consider ing t h e  change i n  enthalpy from 
t h e  gas t o  t h e  w a l l .  

The condi t ions reproduced i n  t h e  experiments ( p1 atm), with r e s p e c t  

t o  t h e  parameters behind a r e f l e c t e d  wave (see  Figure 3 ) ,  correspond approximate
l y  t o  f l i g h t  a l t i t u d e s  a t  a supersonic  v e l o c i t y  H - 40 km. 

According t o  Cheng's c a l c u l a t i o n s  [9] , t h i s  a l t i t u d e  corresponds t o  t h e  
zone of t h e  equi l ibr ium l a y e r  near  t h e  w a l l .  W e  assumed t h a t  t h e  r e a c t i o n  rates 
are high as compared t o  t h e  d i f f u s i o n  rates of t h e  atomic components of the mix
t u r e  and t h a t  t h e  rate of change of t h e  temperature l a y e r  (enthalpy) near  t h e  
w a l l  does n o t  des t roy  t h e  l o c a l  thermodynamic equi l ibr ium. I n  t h i s  case t h e  
h e a t  flow p r a c t i c a l l y  does n o t  depend on t h e  processes  on t h e  s u r f a c e  of t h e  
w a l l .  I f  t h e  w a l l  temperature i s  r e l a t i v e l y  low (< l,OOO°K), t h e  concentrat ion 
of atoms w i l l  become equal  t o  zero near  t h e  w a l l  a t  a c e r t a i n  d is tance  from t h e  
body. I n  o t h e r  words, energy ( i f  r a d i a t i o n  i s  disregarded)  i s  t ransmi t ted  t o  
t h e  w a l l  due t o  h e a t  conduct ivi ty .  I n  t h i s  case, undoubtedly, t h e  d i f f u s i o n  
flows d i s t o r t  t h e  enthalpy curve and, as c a l c u l a t i o n s  of t h e  k i n e t i c  t r a n s f e r  
c o e f f i c i e n t s  [ l o ]  a t  high temperatures have i n d i c a t e d ,  such c o e f f i c i e n t s  as h e a t  
conduct ivi ty ,  h e a t  capac i ty ,  and v i s c o s i t y  of t h e  r e a c t i n g  mixture depend on 
temperature and concent ra t ion  i n  a complicated manner. 

Ref lec t ion  of an i d e a l  gas from a heat-conducting w a l l ,  under t h e  assump
t i o n  of A = A !l?,where A i s  t h e  h e a t  conduct iv i ty  of t h e  gas,  i s  considered byn 
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Goldsworthy [ll]. 

Approximation of t h e  c o e f f i c i e n t  of h e a t  conduct iv i ty  of d i s s o c i a t e d  air 
by a l i n e a r  f u n c t i o n  of temperature as A = A 1T is  n o t  w e l l  s u b s t a n t i a t e d ,  b u t- ... 

f o r  pressures  on t h e  o r d e r  of 1-10 a t m ,  which w a s  accomplished i n  t h e  experiments 
i n  t h e  zone behind t h e  r e f l e c t e d  wave, i n  t h e  temperature range of 2,000-6,500°K, 
i t  can b e  taken as a f i r s t  approximation [ lo] .  

This bold assumption makes i t  p o s s i b l e  t o  s o l v e  Goldsworthy's h e a t  conduc
t i v i t y  equat ions ( see  [ll]f o r  designat ions)  

r ) T -_-- L *T 
d= Q,C,dYz 

( f o r  ca lor imeter )  y > 0 

and 

under t h e  condi t ion  

as 

and 

T - T , = B  (when y < 0 1 ,  (7) 

where aw = - is  t h e  thermal d i f f u s i v i t y  of t h e  ca lor imeter  material ,  a = 
"W Pw Y g 

'lP3 
c R  is  t h e  thermal d i f f u s i v i t y  of t h e  gas ,  $ = I pdy is  t h e  i n t e g r a l  v a r i a b l e ,  

P y=o 
T 3 is  t h e  temperature of t h e  gas behind t h e  r e f l e c t e d  wave, and T1 is  t h e  t e m - /199 
pera ture  of t h e  ca lor imeter  p r i o r  t o  t h e  arrival of t h e  shock wave. Coeff ic i 
e n t s  A and B are determined from t h e  condi t ion y = 0. 

It w a s  assumed i n  t h e  eva lua t ion  of t h e  h e a t  f low from t h e  gas aspec t  that 
t h e r e  are no l o s s e s  across  t h e  rear end of t h e  ca lor imeter  and t h e  contac t  t e m 
pera ture  of t h e  ca lor imeter  and t h e  eboni te  backing coincide w i t h  T1' Fo is  

approximately equal  t o  0 .1  f o r  a 30th of a microsecond and t h e  contact  tempera
t u r e  d i f f e r s  from !(,by less than 5% [ 6 ] .  

To estimate t h e  heat flow, i t  is necessary t o  d i f f e r e n t i a t e  equat ion (7) 
wi th  respec t  t o  JI and f i n d  t h e  grad ien t  f o r  y = 0 ($ = 0 )  
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Since 

then 

and 

q, =--A I t , ,  (-W)1 P lY=o.(G) 
me q u a n t i t y  m =  1/i.1T3CpP3 , where p 3 

is  t h e  dens i ty  of t h e  gas behind t h e  re-
L.CC?,  

f l e c t e d  wave, which w a s  determined on t h e  b a s i s  of our  t a b l e s .  

Calculat ions on t h e  b a s i s  of formula (8) i n d i c a t e d  t h a t ,  i n  s p i t e  of t h e  
s u b s t a n t i a l  assumptions, t h e  h e a t  flows due t o  h e a t  conduct ivi ty  l i e  i n  t h e  
zone of t h e  experimental  data .  I n  t h e  c a l c u l a t i o n s ,  m e 1, which s i g n i f i c a n t l y  
s i m p l i f i e s  c a l c u l a t i o n .  A ca lcu la ted  curve w a s  der ived f o r  (8) i n  Figure 5. 
It can b e  seen from t h e  graph t h a t  t h e  s c a t t e r  of t h e  experimental  p o i n t s  be 
comes g r e a t e r  as t h e  v e l o c i t y  increases .  

One of t h e  important quest ions concerns t h e  condi t ions of r e t a i n i n g  t h e  
i n i t i a l  s ta tement  of the 'p roblem regarding two semibounded bodies i n  contact  
(gas and ca lor imeter ) .  

Calculat ions of t h e  v e l o c i t y  of propagation of t h e  temperature f i e l d  with 
r e s p e c t  t o  a s t a t i o n a r y  gas i n d i c a t e d  t h a t  a f t e r  t h e  t i m e  T > 0.5 psec ,  the 
region of dece lera ted  gas behind t h e  r e f l e c t e d  shock wave increases  so quickly 
t h a t  t h e  condi t ions of semibounded bodies are f u l l y  j u s t i f i e d  when consider ing 
t h e  contact  problem. 

Having t h e  l a w s  of h e a t  exchange on t h e  end of t h e  la teral  w a l l  a f t e r  shock 
wave r e f l e c t i o n  a t  our d i s p o s a l ,  w e  can compare t h e  energy l o s s e s  across  t h e  
s u r f a c e  and t h e  enthalpy of t h e  gas m a s s  behind t h e  r e f l e c t e d  wave. On t h e  
b a s i s  of t h e  f a c t  t h a t  q - l/& f o r  t h e  end and f o r  t h e  la teral  w a l l ,  and assum

i n g  t h a t  D = cons t ,  while  Send = .rrd214, w e  can determine t h e  form of t h e  func

t i o n  which c h a r a c t e r i z e s  the r a t i o  of energy l o s s e s  t o  the enthalpy of t h e  cor
responding gas volume behind t h e  r e f l e c t e d  wave. As a r e s u l t  of an elementary 
c a l c u l a t i o n ,  t h e  form of t h i s  func t ion  i s  presented as follows: 

2 2 1  

I. 



where h, is  the  enthalpy of the  gas behind the  r e f l ec t ed  wave, d i s  t h e  diameter-

of t he  shock tube, D i s  the  ve loc i ty  of t he  r e f l ec t ed  wave, T is the  t i m e ,  qZat 

is  the  hea t  'flow t o  t h e  lateral w a l l  and qend is  t h e  h e a t  flow t o  the  end of the  
tube. 

For the givencondi t ions,  the losses  change i n  time as 

where the  f i r s t  term determines the r e l a t i v e  losses  across the  la teral  w a l l  of 
the  tube and the  second term determines them across  the  end. 

Losses commensurate with the  energy of t he  gas volume w i l l  take place when 
cp 2 1, $.e., a t  t h e  i n i t i a l  moment of r e f l ec t ion  (formation of r e f l ec t ion  a f t e r  
contact with f ron t  of wal l ) ,  A t  t h i s  moment, when the  losses  from the  lateral 
w a l l  can be disregarded, an e s s e n t i a l  e f f e c t  of heat exchange on r e f l ec t ion  is  
establ ished.  The l imi t ing  t i m e  f o r  the losses  i s  determined by equation (9) 
f o r  the corresponding q.  

The r e s u l t s  of t he  ca lcu la t ion  ind ica te  t h a t  the  assumption concerning 
thermodynamic equilibrium i n  the  considered range of gas-dynamic parameters 
( T 3 ,  p 3 ,  p3) apparently corresponds t o  ac tua l  conditions.  It should not  be for

gotten,  however, t h a t  a c e r t a i n  amount of a r b i t r a r i n e s s  i n  the  se l ec t ion  of the  
t r ans fe r  coe f f i c i en t  can render a subs t an t i a l  e f f e c t  on the  calculat ion of hea t  
exchange i n  the  region behind the  re f lec ted  shock wave. 

It should he noted i n  conclusion t h a t  the  appl ica t ion  of t he  calor imetr ic  
method f o r  measuring hea t  flows i s  not r e s t r i c t e d  only t o  the  considered prob
l e m .  After  r idding the  f i lm  thermometer of i t s  res i s tance  with respect  t o  sen
s i t i v i t y ,  however, i t  can be used successful ly  f o r  inves t iga t ing  heat exchange 
i n  various models placed i n  a shock tube against  a supersonic flow. 

The author considers it h i s  duty t o  thank A. S. Predvoditlev f o r  h i s  at
ten t ion  t o  the  work and 0, A. Predvoditeleva f o r  he r  discussion of the r e s u l t s .  
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HEAT LOSSES ASSOCIATED WITH THE REFLECTION OF A SHOCK 
WAVE FROM THE END OF A TUBE 

0. A. Predvoditeleva 

The amount of h e a t  t ransmi t ted  during t h e  r e f l e c t i o n  of a shock wave t o  /201 
t h e  lateral and end sur faces  of a shock tube w a s  es t imated i n  [l]. The condi
t i o n s  of t h e  experiment described i n  [l], however, d i d  n o t  make i t  poss ib le  t o  
measure t h e  h e a t  flow t o  t h e  end of t h e  tube d i r e c t l y ;  t h e r e f o r e ,  an e s s e n t i a l  
assumption w a s  made t h a t  t h e  h e a t  flow from a r e f l e c t e d  wave of heated gas t o  
t h e  end of a shock tube i s  equal  t o  t h e  h e a t  flow t o  t h e  lateral  w a l l .  This 
s tudy 'was set up f o r  t h e  purpose of v a l i d a t i n g  t h i s  assumption. 

The h e a t  flow i n  [l] and i n  t h i s  ar t i 
cle i s  determined by t h e  s u r f a c e  temperaq + ~ i ~] 	 t u r e  of t h e  shock tube as measured by p l a t i 
num r e s i s t a n c e  thermometers. 

The v e l o c i t y  of t h e  shock waves w a s  
Figure 1. UT-2 Shock Tube. determined by photographs of t h e  Tb'pler pat

tern of flow. 

A diagram of t h e  shock tube i s  i l l u s t r a t e d  i n  Figure 1, where 1 is  t h e  
high-pressure chamber, 2 m i n  length;  2 i s  t h e  low-pressure chamber, 2.7 m i n  
length;  3 is  t h e  duralumin end; 4 i s  t h e  pressure  pickup; 5 is  t h e  r e s i s t a n c e  
thermometer; and 6 i s  t h e  experimental  s e c t i o n ,  0.21 m i n  length.  

The platinum resistance thermometer [2] w a s  b u i l t  
i n t o  t h e  shock tube i n  such a way t h a t  its s u r f a c e  
w a s  f l u s h  with t h e  s u r f a c e  of t h e  duralumin end of 
t h e  shock tube. A t y p i c a l  osci l logram of t h e  resis
tance  thermometer readings i s  shown i n  Figure 2 ( t h e  
osci l logram w a s  recorded f o r  an i n c i d e n t  wave with 
M = 7.2, propagating i n  N 2 a t  an i n i t i a l  p ressure  

p o  = 12.7 mm Hg) . The osci l lograms were processed by /202 

t h e  method described i n  [l]. C h a r a c t e r i s t i c  curves 
Figure 2. Oscillogram of t h e  change i n  temperature of t h e  end s u r f a c e  and 
of Platinum Resis tance t h e  change i n  t h e  h e a t  f low t o  t h e  end converted with 
Thermometer Readings. r e s p e c t  t o  i t  i n  t i m e  are i l l u s t r a t e d  i n  Figure 3. 
O s c i l l a t i o n  Period of 
Sinusoidal  S igna l  10 The order  of magnitude of t h e  h e a t  flow t o  t h e  
psec. end of t h e  shock tube can b e  obtained from t h e  t a b l e  

f o r  n i t r o g e n  and carbon dioxide f o r  shock waves of 
d i f f e r e n t  i n t e n s i t y .  I f  w e  assume t h a t  t h e  h e a t  flow 

t o  t h e  ead of t h e  shock tube is constant  and equal  t o  t h e  maximum value of t h e  
flow q (see Figure 3 ) ,  then t h e  amount of h e a t  absorbed by t h e  end i n  t h e  t i m e  
t = 7 psec ( t h e  t i m e  of 7 p s e c  w a s  adopted only f o r  convenience of comparison 
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with [l]) can b e  c a l c u l a t e d  with t h e  formula Qeq = qSt, where S is t h e  area of 
2 end 

t h e  end (16 c m  ) and q is  t h e  h e a t  flow. 

TABLE 

G a s  N2 

Mine. wave 7.2 8.3 8.3 6.6 8.3 8.5 7.8 8.4 

%" tal/cm2 sec 250 300 300 138 375 213 160 358 

D m / s e c  600 648 627 520 none 375 365 370 

P o ,  "Hg .2.7 12 .3  12.5 12.5 12.4 12 .3  12.7 12 .3  

.7.9 3.35 3.35 1.55 4.20 2.38 1 . 7 8  4.0 
- - -AE, cal 1.71 0.35 1.11 0.67 none 

~ 

c a l  The hea t  q u a n t i t i e s  thus est imated are shown i n  
T. "C ' n  cm2 *sec 

t h e  t a b l e .  They amount t o  2-4.5.10 -2 cal  i n  7 usec.- 400  It should be noted t h a t  t h e  accuracy i n  de te r -
T ,  "C mining t h e  h e a t  flows wi th  platinum r e s i s t a n c e  ther

mometers is r a t h e r  low ( i n  some cases t h e  e r r o r
Y O  - 200 amounts t o  40-50%). 
20 

4" Nevertheless,  t h e  order  of t h e  obtained quant i ty  

Qev
end 

makes i t  poss ib le  t o  eva lua te  t h e  r o l e  of h e a t  

l o s s e s  i n  t h e  process of r e f l e c t i o n  and subsequent 
Figure 3.  Varia t ion  of propagation of a shock.wave. The t o t a l  energy of t h e  
Temperature of End Sur- gas behind a r e f l e c t e d  wave, which i s  ca lcu la ted  on 
face  and Heat Flow over t h e  b a s i s  of t h e  v e l o c i t y  of t h e  r e f l e c t e d  shock 
T i m e .  wave D

e;cp' 
is  less than t h e  energy of t h e  gas behind 

t h e  i n c i d e n t  wave by AE- 0.5 cal  ( see  t a b l e ) ,  which 
determines t h e  t o t a l  amount of l o s s e s  during r e f l e c t i o n .  

The following conclusion can be made on t h e  b a s i s  of t h e  t a b u l a r  data:  
energy l o s s e s  caused by t h e  h e a t  conduct ivi ty  of t h e  m e t a l l i c  end during shock 
wave r e f l e c t i o n  amount t o  approximately 2-102 of t h e  t o t a l  quant i ty  of l o s s e s  
observed during r e f l e c t i o n  of t h e  shock wave. 

REFERENCES 


1. 	 Bazhenova, T.  V . ,  0. A. Predvodi te leva and T. V. Nadezhina: Losses during 
r e f l e c t i o n  of shock waves from an end i n  a shock tube. In: Fizieheskaya 
gazod;nmika i svoystva gazov pri vysokikh temperaturakh. (Physical Gas 

225 

I. 



Dyndcs  and Properties of Gases a t  High Temperatures.) Moscow, Izd-vo 
"Nauka" , 1964. 

2. Polyakov, Yu. A. and Ye.  Mit'kina: Thin-film resistance thermometer. P r i 
bory i Tekhnika Eksperimenta, No. 4, 1961. 

226 



FORMATION OF A GAS FLOW BEFORE A FLAME FRONT 

G. D.  Salamandra 

A series of s tud ies [1-4]  d i r e c t e d  by A. S. Predvodi te lev (Corresponding 1203 
Member of t h e  Soviet  Academy of Sciences) ind ica ted  t h a t ,  according t o  t h e  known 
l a w  of flame propagation, t h e  p lace  of formation of t h e  shock wave which forms 
before  t h e  flame f r o n t  i n  t h e  i n i t i a l  s t a g e  of flame development can b e  precal
cu la ted  with a s u f f i c i e n t  degree of accuracy. I n  these  s t u d i e s  t h e  s ta te  of 
t h e  gas before  t h e  flame f r o n t  w a s  c a l c u l a t e d  by t h e  c h a r a c t e r i s t i c  curve method 
[5, 61. 
i n t o  motion a t  a v e l o c i t y  equal t o  t h e  flame v e l o c i t y  a t  t h e  moment of sending 

It w a s  assumed t h a t  t h e  flame generates  dis turbances which set t h e  gas 

t h e  given dis turbance.  Only t h e  p lace  of formation of t h e  shock wave w a s  de te r 
mined i n  a l l  experiments. For l a c k  of a technique, t h e  v e l o c i t y  of t h e  gas be
f o r e  t h e  flame f r o n t  w a s  not  measured. The quest ion concerning t h e  measurement 
of t h e  v e l o c i t y  of a gas before  a flame f r o n t  i s  e s p e c i a l l y  a c u t e  i n  t h e  analy
sis of burning accompanied by t h e  formation of a shock wave before  t h e  flame 
f ront .  Usually, when analyzing t h i s  process ,  t h e  s ta te  of t h e  gas behind t h e  
shock wave i s  c a l c u l a t e d  on t h e  b a s i s  of t h e  v e l o c i t y  of t h e  shock wave and t h e  
temperature and pressure  of t h e  gas i n  f r o n t  of t h e  wave. This c a l c u l a t i o n  is 
based on t h e  l a w s  of conservat ion,  t h e  equat ion of s ta te  of t h e  gas,  and on t h e  
assumption concerning thermodynamic equi l ibr ium of t h e  gas behind t h e  shock wave. 
The c a l c u l a t i o n  makes i t  p o s s i b l e  t o  estimate only t h e  v e l o c i t y  of t h e  gas d i 
r e c t l y  behind t h e  shock wave. The ques t ion  wi th  regard t o  t h e  d i s t r i b u t i o n  of 
gas parameters between t h e  shock wave and t h e  flame f r o n t ,  which determines t h e  
f u r t h e r  development of t h e  combustion process ,  remains open. This s tudy w a s  set 
up f o r  t h e  purpose of f i l l i n g  t h i s  gap. 

To v i s u a l i z e  t h e  flow of a gas before  a flame f r o n t  i n  a s t a t i o n a r y  medium 
p r i o r  t o  i g n i t i o n  of t h e  mixture,  several a r t i f i c i a l  o p t i c a l  inhomogeneities 
w e r e  c rea ted  and then se t  i n t o  motion toge ther  wi th  t h e  ambient medium [ 7 ] .  Ex
periments w e r e  conducted i n  c i r c u l a r  and rec tangular  tubes.  Both continuous 
recording and frame-by-frame photography of t h e  process  was accomplished a t  a 
rate of approximately 94,000 frames/sec.  The process w a s  photographed by t h e  
Tapler method. 

Figure l a  i l l u s t r a t e s  a time scanning of t h e  i n i t i a l  s t a g e  of t h e  process  
2of combustion of a s to ich iometr ic  hydrogen-oxygen mixture i n  a 36 x 36 mm square  

tube. Figure l b  g ives  a series of instantaneous photographs of t h e  same process  
obtained with t h e  a i d  of a UPR high-speed camera. The flame f r o n t  is f i x e d  on 
t h e  TZSpler photographs i n  t h e  form of a dark zone. The a r t i f i c a l l y  c r e a t e d  op
t i ca l  inhomogeneities set  i n t o  motion by t h e  compression waves generated by t h e  
flame .are clearly v i s i b l e  before  t h e  flame f r o n t .  An a n a l y s i s  of t h e  obtained 
photographs ind ica ted  t h a t  the. v e l o c i t y  of t h e  
by t h i s  flame f r o n t  remains constant .  

I n  order  t o  f i n d  t h e  r e l a t i o n s h i p  between 
each d is turbance  and t h e  v e l o c i t y  of t h e  flame 

gas along each d is turbance  s e n t  

t h e  v e l o c i t y  of t h e  gas along 
a t  t h e  moment of sending t h e  d is 
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Figure 1. I n i t i a l  Stage of Flame 
Propagation i n  Tube. (a)  t i m e  scan
ning of process;  (b) series of in
s tantaneous photographs of process;  
(1) flame f r o n t ;  (2) a r t i f i c i a l l y  
c r e a t e d  inhomogeneity. 

turbance, w e  shal l  use t h e  schematic 
r e p r e s e n t a t i o n  of t h e  time scanning of /204 
t h e  process  as i l l u s t r a t e d  i n  Figure 2. 

The numbers 1-4 denote t h e  f o u r  
a r t i f i c i a l l y  c rea ted  o p t i c a l  inhomoge
n e i t i e s .  The v a r i a t i o n  i n  flame veloc
i t y  and t h e  v e l o c i t y  of t h e  inhomogene
i t i es  i n  t i m e  i s  shown i n  Figure 3. 
Having s e l e c t e d  some f i x e d  v e l o c i t y  i n  
Figure 3,  le t  us n o t e  i n  t h e  x, t plane 
( see  Figure 2) t h e  moments i n  t i m e  i n  
which each inhomogeneity achieves a 
given v e l o c i t y .  A s  can b e  seen from 
t h e  graph, t h e  p o i n t s  which correspond 
t o  equal  gas  v e l o c i t i e s  l i e  on one 
s t r a i g h t  l i n e .  

The flame v e l o c i t y  a t  t h e  moment 
of sending t h e  dis turbance can b e  found 
by cont inuing t h e  s t r a i g h t  l i n e s  u n t i l  
i n t e r s e c t i o n  wi th  t h e  flame. By know
i n g  t h e  v e l o c i t y  of t h e  flame which 
s e n t  t h e  d is turbance  and t h e  v e l o c i t y  
of t h e  gas set i n t o  motion by t h i s  d i s 
turbance, i t  i s  easy t o  f i n d  V gas /VfZame. 
An a n a l y s i s  of numerous t i m e  scannings 
of t h e  process  ind ica ted  t h a t  a l t h o u g h m  
t h e  flame does n o t  overlap t h e  e n t i r e  
c r o s s  s e c t i o n  of t h e  tube,  t h e  v e l o c i t y  
of t h e  gas  before  t h e  flame f r o n t  am
ounts t o  only a s m a l l  f r a c t i o n  of t h e  
flame v e l o c i t y ,  which increases  t o  
n0.8 of t h e  flame v e l o c i t y  as t h e  flame 
approaches t h e  tube w a l l s .  

I n  order  t o  expla in  how t h e  gas 
flow is  formed before  t h e  flame f r o n t  
and t h e  n a t u r e  of t h e  r e l a t i o n s h i p  be
tween t h e  c h a r a c t e r  of flame propaga
t i o n  and t h e  d i s t r i b u t i o n  of t h e  gas 
v e l o c i t y  before  t h e  flame f r o n t ,  t h e  
formation of a gas  flow w a s  s tud ied  
both during so-called slow burning and 

i n  t h e  t r a n s i t i o n  from slow burning t o  detonat ion.  

Figure 4 schematical ly  d e p i c t s  a time scanning of t h e  process  of combustion 
of a s to ich iometr ic  hydrogen-oxygen mixture  i n  a square  tube.  The d i s t a n c e  
from t h e  i g n i t i o n  p o i n t  is p l o t t e d  on t h e  a b s c i s s a  a x i s  i n  m i l l i m e t e r s .  The t i m e  
i s  p l o t t e d  on t h e  o r d i n a t e  a x i s .  The numbers 1-7 denote  t h e  a r t i f i c i a l  o p t i c a l  
inhomogeneities c r e a t e d  a t  seven var ious  p o i n t s  along t h e  length  of t h e  tube.  
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Figure 2 .  Schematic Representat ion of 
T i m e  Scanning of Process.  (a) 60 m / s e c ;  
(b) 80;  (c )  140; (d) 200; (e) 240; ( f )  
300; (g) 340; (h) 360. 

The t h i n  s o l i d  l i n e s  i n d i c a t e  t h e  
dis turbances f ixed  on a time scan
ning of t h e  process.  A shock wave 
i s  formed a t  t h e  cumulation p o i n t  
of t h e s e  dis turbances.  The dot-
dash l i n e  i n d i c a t e s  t h e  d i s t u r - 1206 
bance which a c t u a t e s  t h e  gas .  

Table 1 lists t h e  r e s u l t s  of 
c a l c u l a t i n g  t h e  v e l o c i t y  of t h e  
gas before  t h e  flame f r o n t  by t h e  
c h a r a c t e r i s t i c  curve method [5, GI. 

Some of t h e  c h a r a c t e r i s t i c  
curves are i l l u s t r a t e d  i n  Figure 4 
by t h e  dashed l i n e s .  It is  e a s i l y  
seen t h a t  t h e  c h a r a c t e r i s t i c  
curves coincide q u i t e  accura te ly  
with t h e  dis turbances t h a t  a r e  
c l e a r l y  v i s i b l e  i n  t h e  t i m e  scan
ning of t h e  process .  Having p l o t 
ted  t h e  c h a r a c t e r i s t i c  curves i n  
t h e  x, t plane,  a "velocity pro
f i l e "  of t h e  gas before  t h e  flame 
f r o n t  can be constructed f o r  any 
moment of t i m e .  A corresponding 
p l o t t i n g  f o r  f i v e  d i f f e r e n t  moments 

i n  t i m e  i s  shown i n  Figure 5. The d is tance  from t h e  spark t h a t  i g n i t e s  t h e  mix
t u r e  i s  p l o t t e d  on t h e  a b s c i s s a  a x i s  i n  m i l l i m e t e r s .  The v e l o c i t y  i s  p l o t t e d  on 
t h e  o r d i n a t e  a x i s  i n  m e t e r s  p e r  second. The v e r t i c a l  l i n e  denotes t h e  d is tance  
t rave led  by t h e  flame. The h o r i z o n t a l  l i n e  i s  drawn t o  t h e  l e v e l  which corre
sponds t o  t h e  flame v e l o c i t y  a t  t h e  t i m e  i n  which t h e  p l o t t i n g  was made. The 
s o l i d  l i n e s  i n d i c a t e  t h e  r e s u l t s  of c a l c u l a t i n g  t h e  v e l o c i t y  of t h e  gas before  
t h e  flame front: by t h e  c h a r a c t e r i s t i c  curve method. The dashed l i n e s  w e r e  con

t*'o"* 

Figure 3 .  Dependence of Veloc
i t y  of Flame Propagation and 
Four A r t i f i c i a l l y  Created Inho
mogeneities on t. 

s t r u c t e d  by e x t r a p o l a t i o n  t o  t h e  zero value 
of t h e  v e l o c i t y  taken from t h e  experiment. /207
The dots  denote t h e  values  of t h e  v e l o c i t y  
of t h e  gas before  t h e  flame f r o n t  obtained 
from t h e  experiment. It i s  e a s i l y  noted t h a t  
before  t h e  flame propagates with a c c e l e r a t i o n ,  
t h e  gas v e l o c i t y  reaches a maximum value  near  
t h e  flame f r o n t  ( see  d i s t r i b u t i o n  of gas ve
l o c i t y  before  flame f r o n t  a t  moments of t i m e  
denoted by 1 and 2). A decrease i n  t h e  flame 
v e l o c i t y  i s  accompanied by an  i n c r e a s e  i n  
t h e  d i s t a n c e  between t h e  region of maximum 
gas v e l o c i t i e s  and t h e  flame. The boundary 
which separa tes  t h e  s t a t i o n a r y  gas from t h e  
gas set i n t o  motion becomes s t e e p e r  and 
s t e e p e r  as t h e  compression waves b u i l d  up. 
(Velocity d i s t r i b u t i o n  of gas before  flame 

229 



N 
w 
0 TABLE 1 

-- --
T i m e ,  10 sec I 1 1.5 2 2.5 3 3.5 4 4.5 5- b 

260 320 380 490 510 452 450 450 

208 256 304 392 408 362 360 360 

1 (2 /y  - l ) a ,  m / s e c  2,815 2 883 2,931 2 ,979 3,067 3,083 3,037 3,035 3,035 
II

i a ,  m . / s e c  563 577 586 596 613 617 607 607 607 608 612 
It 
1 V + a ,  m / s e c  703 785 842 900 1,005 1 ,025  969 967 967 973 1 998 

- - -1 

TABLE 2 

L 

T i m e ,  104 sec 1 1 . 2  1.5 1.7 2 2.2 2.5 2.7 3 3.2 3.5 3.78 

300 317 357 396 465 514 590 638 706 745 785 818 

I 

a, m / s e c  

V + a, m / s e c  



t 10' 
sec 

6 

4 


z 

. -
Figure 4 .  Development of t h e  Combustion 

Process i n  a 36 x 36 mm 2 Square Tube. 

f r o n t  i n  subsequent moments of 
time.) 

The formation of a gas flow 
before  a flame f r o n t  w a s  examined 
above i n  t h e  case when slow burn
i n g  does n o t  change i n t o  detona
t i o n .  It is  a l s o  of i n t e r e s t  t o  
s tudy t h e  gas  flow before  t h e  
flame f r o n t  i n  t h e  case of t h e  
t r a n s i t i o n  from slow burning t o  
detonation. I n  order  t o  br ing  
about t h e  t r a n s i t i o n  t o  detonat ion 
a t  a s h o r t  d i s t a n c e  from i g n i t i o n ,  
t h e  mixture w a s  i g n i t e d  i n  a nar
row channel with a diameter of 
3 mm and a length  of 45 mm and con

2nected t o  a 36 x 36 mm square-
channel. The diameter and length  
of t h e  narrow channel w e r e  s e l e c t e d  
i n  such a way t h a t  a shock wave 
w a s  formed p r i o r  t o  en t ry  i n t o  t h e  

main channel before  t h e  flame f r o n t .  A t i m e  scanning of t h e  development of t h e  
process  i s  shown i n  Figure 6. The shock wave, which leaves  t h e  narrow channel 
and e n t e r s  t h e  wide channel, i s  f i r s t  dece lera ted  and then gradual ly  acce lera ted  
under t h e  a c t i o n  of t h e  compression waves which overtake i t .  

A s  can b e  seen from t h e  photograph, t h i s  method of i g n i t i o n  provides f o r  
t h e  continuous i n c r e a s e  .of flame v e l o c i t y  r i g h t  up t o  t h e  t r a n s i t i o n  from slow 
burning t o  detonat ion.  

Figure.  5. D i s t r i b u t i o n  of V 
before Flame Front a t  Various 

Moments of T i m e .  (1) 3-10-4 

sec; (2) 3 . 5 ~ 1 0 - ~ ;(3) 4010-~; 
( 4 )  5 0 1 0 - ~ ;  (5) 6~10-~. 

The r e s u l t s  of c a l c u l a t i n g  t h e  s ta te  of 
t h e  gas before  t h e  flame f r o n t  are l i s t e d  i n  
Table 2 .  

The v e l o c i t y  d i s t r i b u t i o n  of t h e  gas be
f o r e  t h e  flame f r o n t  f o r  t h r e e  var ious moments 
i n  t i m e  i s  shown i n  Figure 7.  As t h e  combus
t i o n  process develops,  t h e r e  takes  p lace  a 
c e r t a i n  e q u a l i z a t i o n  of t h e  gas v e l o c i t y  be
tween t h e  shock wave and t h e  flame f r o n t ,  bu t  
t h e  genera l  tendency f o r  t h e  gas v e l o c i t y  t o  
increase  i n  a d i r e c t i o n  from t h e  shock wave 
t o  t h e  flame f r o n t  is re ta ined .  

. Since t h e  gas  parameters along each char-/208 
acter is t ic  curve are maintained constant ,  t h e  
dens i ty  and p r e s s u r e  d i s t r i b u t i o n  before  t h e  
flame f r o n t  can b e  found. U n t i l  t h e  elemen
t a r y  compression waves b u i l d  up i n t o  a shock 
wave, t h e  following r e l a t i o n s h i p s  can b e  used 
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Figure 6. T r a n s i t i o n  from Slow 
Burning t o  Detonation. 

V, m/ 

Figure 7. D i s t r i b u t i o n  of V Before 
Flame Front a t  Various Moments of 

T i m e .  (1) sec; (2) 3.10-~; 
(3) 3.6.10'4. 
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t o  c a l c u l a t e  dens i ty  p and pressure  p :  

where P o ,  Po and a are t h e  d e n s i t y ,  pres

s u r e  and v e l o c i t y  of t h e  undisturbed gas ,  
r e s p e c t i v e l y ;  y = eP l e  

0' 

The d e n s i t y  and pressure  d i r e c t l y  ,/209 
'behind t h e  shock wave are r e l a t e d  t o  
t h e  gas v e l o c i t y  V by t h e  equations 

where M i s  t h e  Mach number of t h e  shock 
wave. 

The c a l c u l a t i o n  i n d i c a t e s  t h a t  i n  
t h e  predetonat ion s t a g e  of development 
of t h e  process ,  t h e  gas pressure  in
creases 4.5 t i m e s ,  t h e  dens i ty  i n c r e a s e s  
by more than t h r e e  t i m e s ,  and t h e  gas 
v e l o c i t y  reaches 650 m / s e c .  

Thus, t h e  t r a n s i t i o n  t o  de tona t ion  
explosion occurs  i n  a p r e l i m i n a r i l y  pre
pared medium. 

I n  summary, t h e  following conclu
s i o n s  can b e  made. 

1. The s ta te  of a gas before  a 
flame f r o n t  can be ca lcu la ted  with suf
f i c i e n t  accuracy by t h e  c h a r a c t e r i s t i c  
curve method. It should b e  considered 
i n  t h e  c a l c u l a t i o n  t h a t  t h e  v e l o c i t y  of 



t h e  gas before  t h e  flame f r o n t ,  which.overlaps t h e  e n t i r e  tube s e c t i o n ,  amounts 
t o a O . 8  of t h e  flame ve loc i ty .  

2. An a n a l y s i s  of t h e  s t a t e  of a gas before  a flame f r o n t  a t  var ious  mo
ments of t i m e ,  conducted f o r  var ious condi t ions of t h e  combustion process ,  in
d i c a t e d  t h a t  while  t h e  flame f r o n t  propagates w i t h  a c c e l e r a t i o n ,  t h e  gas veloci
t y ,  dens i ty ,  and p r e s s u r e  achieve a maximum v a l u e  d i r e c t l y  before  t h e  flame 
f r o n t  and decrease as t h e  d i s t a n c e  from t h e  flame f r o n t  increases .  A decrease 
i n  t h e  v e l o c i t y  of flame propagation i s  accompanied by an increase  i n  t h e  d is 
tance from t h e  region of maximum gas v e l o c i t i e s ,  p ressures ,  and d e n s i t i e s  t o  t h e  
flame f r o n t .  

3 .  The t r a n s i t i o n  from slow burning t o  de tona t ion  takes  p l a c e  i n  a medium 
t h a t  has been "prepared" by t h e  compression waves generated by t h e  flame f r o n t  
i n  t h e  predetonat ion s tage .  
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PIEZOELECTRIC PRESSURE PICKW 

M. V. Gusev and 0. I. Luneva 

The p i e z o e l e c t r i c  method f o r  measuring t h e  p r e s s u r e  of gases and l i q u i d s  1210 
behind i n c i d e n t  and r e f l e c t e d  shock waves, and a l s o  f o r  s tudying detonat ion 
phenomena, has  been employed by many authors  [l-121. P l a t e s  made from n a t u r a l  
c r y s t a l s  wi th  p i e z o e l e c t r i c  p r o p e r t i e s  (quartz ,  Rochelle sa l t ,  tourmaline,  e t c . )  
and a r t i f i c i a l  p i e z o e l e c t r i c  ceramic materials of var ious  composition have been 
used as a sensing element. These a r t i f i c i a l  materials r e q u i r e  prel iminary pola
r i z a t i o n .  Barium ti tanate ceramics are used most of ten .  

I f  w e  examine the  loading  condi t ions of a c y l i n d r i c a l  p i e z o e l e c t r i c  element 
( the  d i r e c t i o n  of p o l a r i z a t i o n  coincides  with t h e  axis of t h e  cy l inder )  i n  a 
shock tube,  when one of t h e  ends of t h e  cy l inder  is p a r t  of t h e  w a l l  t o  which 
t h e  shock wave i s  normally i n c i d e n t  (Figure l), and a l s o  when t h i s  end of the  
p i e z o e l e c t r i c  ceramic composes p a r t  of t h e  la teral  w a l l  of t h e  shock tube ,  along 
which t h e  shock wave is  propagated, i t  becomes clear t h a t  i t  is  extremely d i f f i 
c u l t  t o  f i n d  a mathematical r e l a t i o n s h i p  between t h e  change i n  pressure  p 2 (t) 
over t i m e  and t h e  change i n  t h e  charges on t h e  f a c e s  of t h e  p i e z o e l e c t r i c  ceram
i c  g ( t ) ,  and extremely rough allowances f o r  loading  of the  p i e z o e l e c t r i c  element 
are required even i n  t h e  vers ion  depicted i n  Figure 1 A .  It is obvious a l s o ,  

I 

Figure 1. Arrangement of 
P i e z o e l e c t r i c  Elements i n  
Shock Tube. (1) shock tube 
housing; (2) shock wave 
f r o n t ;  (3)  p i e z o e l e c t r i c  
element a t  end of shock 
tube ; ( 4 )  p i e z o e l e c t r i c  el'
ment i n  la teral  w a l l  of 
shock tube. 

however, t h a t  no matter how complicated t h e  de
formation p a t t e r n  w a s  i n  t h e  f irst  and second 
cases, t h e  charges on t h e  ends of t h e  piezoelec
t r i c  ceramic w i l l  change during t h e  e n t i r e  p e r i 
od of t i m e ,  whi le  t h e  deformation waves w i l l  
propagate throughout t h e  volume of t h e  piezoelec
t r i c  ceramic, and t h e  r e l a t i o n s h i p  between q ( t )  
and p , ( t )  w i l l  have t h e  following form: 

* 2  

q ( t )  = K J p 2 ( t ) d t ,  


tl 


where K i s  a c o e f f i c i e n t  which takes  i n t o  ac
count t h e  p i e z o e l e c t r i c  and e las t ic  p r o p e r t i e s  
of t h e  p i e z o e l e c t r i c  ceramic; t -t2 1  = A t  is  t h e  

pressure  measurement t i m e .  

A more d e t a i l e d  examination of t h e  rela
t i o n s h i p  between q ( t )  and p (t)can b e  found i n2

[SI. If t h e  measurement t i m e  A t  of i n t e r e s t  t o  t h e  i n v e s t i g a t o r  i s  g r e a t e r  than 
t h e  propagation t i m e  of an e l a s t i c  deformation wave throughout t h e  volume of t h e  
p i e z o e l e c t r i c  element, a s i g n a l  Qf t h e  wave r e f l e c t e d  from t h e  r e a r  end of t h e  
p i e z o e l e c t r i c  element can appear. The appearance of a s i g n a l  t h e r e  i s  more 
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probable i f  w e  t a k e  i n t o  account t h a t ' a  gas-dynamic d i s c o n t i n u i t y  acts upon the/211 
p i e z o e l e c t r i c  element i n  t h e  shock tube,  where a p r e s s u r e  change occurs on sev
eral  lengths  of t h e  free pa th  of t h e  molecule, and t h a t  t h e  deformation wave 
caused by t h i s  pressure  change w i l l  have a very s t e e p ' f r o n t ,  a t  which d i s p e r s i o n  
of t h e  wave due t o  r a d i a l  v i b r a t i o n s  i n  t h e  ceramic with the appearance of high
er harmonics should play an e s s e n t i a l  r o l e  i n  t h e  process  of ceramic deforma
t i o n s  and t h e  appearance of v i b r a t i o n s  of t h e  n a t u r a l  frequency of t h e  ceramic 
(it could n o t  be any h igher ) .  To remove t h e  r e s t r i c t i o n s  r e l a t e d  t o  t h e  appear
ance of t h e  n a t u r a l  frequency of t h e  ceramic, t h e  p i e z o e l e c t r i c  element rests 
on a material whose a c o u s t i c  r e s i s t a n c e  coincides  with t h e  a c o u s t i c  resistance 
of t h e  p i e z o e l e c t r i c  element being used [l]. Then t h e  deformation waves e n t e r  
t h e  waveguide material without hindrance ( i f  t h e  connection between t h e  piezo
electr ic  element and t h e  a c o u s t i c  waveguide i s  good) without undergoing r e f l e c 
t i o n  on t h e  boundary of connection with t h e  ceramic. 

A pressure  pickup w a s  developed i n  t h e  labora tory  wi th  a p i e z o e l e c t r i c  ele
ment made from barium t i t a n a t e  i n  t h e  shape of a c y l i n d r i c a l  column which w a s  
connected by i t s  support ing end t o  a z i n c  rod of t h e  same diameter [ 4 ,  81. 

Along with t h e  many advantages of t h i s  pickup, i t  possesses a number of 
t e c h n i c a l  shortcomings. I n  t h e  prepara t ion  of z inc  waveguides, i t  is  necessary 
t o  use homogeneous, f i n e l y  c r y s t a l l i n e  z inc ,  t h e  production technique of which 
i s  r a t h e r  complicated under labora tory  condi t ions.  An  attempt w a s  made t o  grow 
s i n g l e  c r y s t a l s  from a z i n c  m e l t ,  bu t  t h i s  d id  n o t  s impl i fy  t h e  technique very 
much. Moreover, z i n c  rods are excessively b r i t t l e ,  and t h e r e f o r e  are d i f f i c u l t  
t o  process.  An a t tempt  t o  i n c r e a s e  t h e  r e s o l u t i o n  of t h e  pickup by decreasing 
i t s  l i n e a r  dimensions (pickups with a barium t i t a n a t e  ceramic w e r e  f a b r i c a t e d  
t o  d = 5 mm) c rea ted  a d d i t i o n a l  d i f f i c u l t i e s  i n  processing t h e  z i n c  waveguides. 
I n  addi t ion ,  a decrease i n  dimensions with a comparatively s m a l l  p i e z o e l e c t r i c  
modulus of t h e  barium t i t a n a t e  ceramic l e d  t o  searches f o r  a more s e n s i t i v e  
ceramic and a correspondiiig new ceramic f o r  t h e  waveguide material. 

2 3  4 5 
8 

Figure 2 .  Design Diagram 
of P i e z o e l e c t r i c  Pickup. 
(1) s i l v e r  f i lm;  (2)  piezo
electric element; (3) clear
ance between waveguide and 
pickup housing; ( 4 )  pickup 
housing; (5) waveguide; ( 6 )  
t e f l o n  bushing; (7)  clamp 
nut ;  (8) t e f l o n  i n s u l a t o r  
of i n t e r n a l  cur ren t  carrier; 
(9) i n t e r n a l  c u r r e n t  carrier. 

A pickup w a s  designed with t h e  a p p l i c a t i o n  
of a sensing element made from a brand TsTS-19 
ceramic i n  t h e  shape of a c y l i n d r i c a l  column 4 
mm i n  diameter and 2 mm i n  he ight .  This ceramic 
possesses g r e a t e r  s e n s i t i v i t y  i n  comparison with 
the  barium t i t a n a t e  ceramic. 

The waveguide w a s  f a b r i c a t e d  from brand L
59 b r a s s ,  t h e  a c o u s t i c  r e s i s t a n c e  of which i s  
c lose  t o  t h e  a c o u s t i c  r e s i s t a n c e  of t h e  TsTS-19 
p i e z o e l e c t r i c  ceramic. 

A s t r u c t u r a l  diagram of t h e  pickup is  shown 
i n  Figure 2. It does n o t  d i f f e r  from t h e  design 
used earlier [ 4 ,  8,  1 1 1 ,  except f o r  t h e  upper 
suspension of t h e  waveguide rod, which made i t  
p o s s i b l e  t o  center  t h e  p i e z o e l e c t r i c  element w e l l  
i n  t h e  housing, when during pickup assembly t h e  
upper expanded p a r t  of t h e  waveguide 5 is  com
pressed between t h e  t e f l o n  bushing 6 and t h e  
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p o s i t i v e  cur ren t  carrier 9,  which is  i n s u l a t e d  and b u i l t  i n t o  t h e  clamp n u t  7. 
I n  addi t ion ,  as t h e  experiments i n d i c a t e d ,  t h i s  expansion and c o n i c a l  depression 
i n  i t s  end promotes a decrease i n  amplitude of t h e  deformation waves which ar
rive a t  t h i s  expansion through t h e  waveguide. The waveguide rod w a s  manufac
tured  with t h e  same diameter as t h a t  of t h e  ceramic. The space 3 between t h e  
housing 4 and t h e  waveguide wi th  soldered ceramic w a s  f i l l e d  wi th  wax. The c o n - m  
tact  between t h e  end of t h e  p i e z o e l e c t r i c  ceramic which picks up t h e  pressure  
and t h e  pickup housing w a s  .made with s i lver  f o i l ,  t h e  th ickness  of which d i d  
n o t  exceed 0.02 nun. The f o i l  w a s  cemented t o  t h e  end of t h e  pickup by No. 88 
cement, followed by thorough press ing  of t h e  f o i l  t o  t h e  end of t h e  pickup with 
a g l a s s  cy l inder  t o  remove t h e  excess cement. The i n t e r n a l  shape of t h e  housing 
w a s  v a r i e d  i n  accordance wi th  t h e  condi t ions of a t t a c h i n g  t h e  pickup t o  t h e  
shock tube.  The high c u r i e  p o i n t ,  which i s  approximately 305°C f o r  t h e  brand 
TsTS-19 p i e z o e l e c t r i c  ceramic, made i t  p o s s i b l e  t o  s o l d e r  i t  t o  t h e  waveguide 
with an a l l o y  having a melt ing poin t  of approximately 105"C, f o r  Schoop process
ing*, without  any n o t i c e a b l e  change i n  s e n s i t i v i t y  of t h e  p i e z o e l e c t r i c  element. 

The r e s o l u t i o n  T of t h e  pickup with t h e  p i e z o e l e c t r i c  element dimensions 
ind ica ted  above w a s  i n  t h e  i n t e r v a l  from 0.2 t o  0.4 p s e c .  The r e s o l u t i o n  w a s  
es t imated along t h e  length  of t h e  lead ing  edge of t h e  s i g n a l  from t h e  pickup 
with var ious pressures  on i t  (measurements were conducted f o r  several analogous 
pickup designs) .  The pickups w e r e  arranged i n  t h e  la teral  w a l l  of a square 
shock tube. The working gas w a s  argon. The i n i t i a l  p ressure  and v e l o c i t y  of 
t h e  shock wave w e r e  var ied .  

It is n a t u r a l  t o  consider  t h a t  under t h e  i n d i c a t e d  loading condi t ions (see 
Figure lB) ,  T is  a func t ion  of both t h e  dimensions of t h e  p i e z o e l e c t r i c  element 
and t h e  v e l o c i t y  of t h e  shock wave. 

A t h e o r e t i c a l  estimate of T ,  performed under t h e  f requent ly  used assumption 
t h a t  l o n g i t u d i n a l  deformation waves are formed i n  a p i e z o e l e c t r i c  element de
s p i t e  t h e  complexity of t h e  loading condi t ions,  gave t h e  q u a n t i t y  T1 = 0.6.10-6 
sec. 

This q u a n t i t y  w a s  obtained f o r  a l o n g i t u d i n a l  wave v e l o c i t y  C0 with a wave
length  h -f m [13 ,  141. 

Other vers ions  of estimates of T1' which use t h e  assumption t h a t  t h e  velo

c i t y  of propagation of t h e  deformation wave f r o n t  C 4 C0 under any assumption 

concerning t h e  o r i e n t a t i o n  of t h i s  f r o n t ,  g ive  va lues  of pickup r e s o l u t i o n  
which are much h igher  than t h e  experimentally determined va lue  of T .  This gives  
us a b a s i s  t o  assume t h a t  n o t  l o n g i t u d i n a l ,  b u t  another  form of deformation wave, 
o r i g i n a t e s  i n  t h e  p i e z o e l e c t r i c  element under t h e  loading condi t ions which w e  
set up. 

The system f o r  recording t h e  change of t h e  charge on t h e  l i n i n g s  of t h e  
p i e z o e l e c t r i c  ceramic imposed i t s  requirements on t h e  design of t h e  pickup and 
t h e  recording instrument.  An 10-4 electron-beam osc i l lograph  with input  resis

*Trans la tor ' s  note:  A method of m e t a l  spraying.  
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tance Rin = 2 MSl and i n p u t  capaci tance ci n  = 45ppF w a s  used as t h e  recording 

instrument. It is obvious t h a t  t h e  correspondence between t h e  funct ions q ( b )  
and V ( t ) ,  where V ( t )  i s  t h e  vol tage  recorded as a func t ion  of t i m e ,  w i l l  t ake  
p lace  when charge leakage from t h e  t o t a l  capaci tance RC ( t h e  pickup of t h e  power 

cable  and t h e  i n p u t  capaci tance of t h e  osc i l lograph)  across  t h e  t o t a l  resistance 
of t h e  same elements Rc is minimum. It is necessary i n  t h i s  case t o  s a t i s f y  t h e  

condi t ion R Ccab >>Re >>RinJ where RCcab i s  t h e  t o t a l  leakage r e s i s t a n c e  through 

t h e  pickup and the  power cable ;  R c is  t h e  c a p a c i t a t i v e  r e s i s t a n c e  of a l l  ele

ments before  t h e  c o n t r o l  g r i d  of t h e  input  a m p l i f i e r  of t h e  osc i l lograph  when 
measuring p u l s a t i n g  pressures .  Then Ri n  w i l l  be  d e c i s i v e  when c a l c u l a t i n g  t h e  

t i m e  constant  TBC of t h e  system, which amounts t o  -cRC = 3-10-2 sec f o r  our pick

up and power cable. This provides a measuring t i m e ,  p 2 ( t ) ,  equal  t o  3-10-4 sec 

without a not iceable  drop i n  t h e  s i g n a l .  

For q u a n t i t a t i v e  measurements of p 2 (t),t h e  pickup w a s  c a l i b r a t e d  i n  a 

shock tube f i l l e d  wi th  argon. The pressure  behind t h e  i n c i d e n t  wave i n  argon 
t o  Mach numbers of t h e  shock wave M = 9 w a s  c a l c u l a t e d  with t h e  equat ion of con
s e r v a t i o n  of pu lse ,  m a s s  and energy on t h e  shock wave as f o r  an i d e a l  gas [ 15 , /213
161. 

The c a l i b r a t i o n  curve f o r  one of t h e  pressure  pickups placed i n  t h e  la teral  
w a l l  of t h e  shock tube i s  shown i n  Figure 3 
( p 2  i s  t h e  pressure  behind t h e  i n c i d e n t  shock 

wave). The scatter of t h e  experimentally ob
ta ined  values  of p 2 near  t h e  curve does n o t  

exceed +7.5%. 

Typical oscil lograms of t h e  pressure  be
hind t h e  i n c i d e n t  shock wave (pickup b u i l t  i n t o  
l a t e r a l  w a l l  of shock tube) and behind the  re
f l e c t e d  shock wave (pickup b u i l t  i n t o  end of 
shock tube) are i l l u s t r a t e d  i n  Figure 4a and b .  

Figure 3 .  Typical Calibra- The osc i l lograph  sweep is  from l e f t  t o  r i g h t ,  
t i o n  Curve of Pressure Pickup. 	 and t h e  t i m e  markers a r e  a t  10 psec. The ampli

tude change of t h e  osc i l lograph  s i g n a l  w a s  re
corded on f i l m  and w a s  measured under an in

strument microscope; then ,  i n  accordance with t h e  c a l i b r a t i o n  curve of t h e  o s c i l 
lograph, i t  w a s  converted i n t o  amplitude v o l t s .  With a constant  reduct ion fac
t o r  of t h e  n a t u r a l  dimensions of t h e  screen on t h e  photographic f i lm,  t h e  ex
pression f o r  c a l c u l a t i n g  t h e  vol tage  amplitude on t h e  input  r e s i s t a n c e  of t h e  
osc i l lograph  has  t h e  form 

1U=-aH.k 
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I n  t h i s  expression,  U is t h e  v o l t a g e  amplitude [V-ampl.], ci i s  t h e  s e n s i t i v i t y  
of the’ osc i l lograph  wi th  1:l ampl i f ica t ion  [V-ampl./mm (on f i l m ) ] ,  H i s  t h e  
osc i l lograph  beam d e f l e c t i o n  measured on t h e  f i l m  [mm], and k i s  t h e  amplifica
t i o n  f a c t o r  of t h e  osc i l lograph .  I n  t h i s  case t h e  maximum relative e r r o r  i s  

Au- A.l +-+E=,4%.AH 
U a H k 

The c a l i b r a t i o n  curve of t h e  pickup , which expresses  t h e  r e l a t i o n s h i p  
p 2 ( U )  , w a s  cons t ruc ted  i n  an independent c a l c u l a t i o n  of p 2 (V0 ) according t o  t h e  

known formula f o r  t h e  p r e s s u r e  r a t i o  on a shock wave i n  an i d e a l  gas 

The maximum relative e r r o r  f o r  p 2’ c a l c u l a t e d  with t h e  expression 

where M
S 

i s  t h e  Mach number of t h e  shock wave [Ms = 3 w . 0 2 )  - 9 w . 2 3 ) ]  and 

p 0 i s  t h e  pressure  i n  f r o n t  of t h e  shock wave [ p0 = 1- 2 5 w . 0 5 )  mm Hg] , amounts 

t o  + l O . l % .  

When c a l i b r a t i n g  t h e  pressure  pickups under our  condi t ions  , when t h e  i n i 
t i a l  pressures  are low and t h e  shock wave v e l o c i t i e s  have Mach numbers M .& 3 ,  
t h e  shock wave v e l o c i t y  w a s  measured with a p i e z o e l e c t r i c  pickup. S 

The most ex tens ive ly  used method f o r  determining shock wave v e l o c i t y  i s  
t h e  method which uses  i o n i z a t i o n  pickups. For t h e s e  pickups,  however, i t  i s  
necessary t h a t  t h e  gas behind t h e  shock wave possess  s u f f i c i e n t  conduct ivi ty .  
When s e t t i n g  up c e r t a i n  experimental  problems i n  shock tubes ,  i t  i s  necessary 
t o  measure t h e  v e l o c i t y  of r e l a t i v e l y  weak shock waves which do n o t  cause / 2 1 4  
n o t i c e a b l e  i o n i z a t i o n  of t h e  gas behind them, e .  g., when c a l i b r a t i n g  pressure  
pickups with weak shock waves. In a d d i t i o n ,  t h e  i o n i z a t i o n  pickup method as
sumes t h a t  t h e r e  i s  an e lectr ical  discharge i n  t h e  reg ion  behind t h e  shock wave, 
which introduces undes i rab le  dis turbances i n  a number of cases. The method 
which uses p i e z o e l e c t r i c  pickups with subsequent pu lse  shaping ind ica ted  good 
r e s u l t s  under these  condi t ions.  This method was developed f o r  measuring t h e  
v e l o c i t y  of shock waves i n  t h e  shock tube whose diagram is  shown i n  Figure 5 .  

The tube had a high-pressure chamber with a diameter of 100 mm and a length  
of 1 .0  m; t h e  length  of t h e  low-pressure chamber amounted t o  5 m with a diameter 
of 6 0  mm. A t  a d i s t a n c e  of 4 m from t h e  diaphragm D, t h e  c i r c u l a r  s e c t i o n  of 
t h e  chamber gradual ly  became square with a c ross  s e c t i o n  of 60 x 60 mm and a 
length  of 260 mm. The square s e c t i o n  had an area where t h e  lateral  w a l l s  of t h e  
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Figure 4.  Pressure Osci l lo
grams. (a)  behind i n c i d e n t  
shock wave; (b) behind re
f l e c t e d  shock wave with pick
up placed i n  end of shock 
tube. 

tube w e r e  made from o p t i c a l  g lass .  The in
s t a l l a t i o n  is  described i n  g r e a t e r  d e t a i l  i n  

P i e z o e l e c t r i c  pickups w e r e  b u i l t  i n t o  the 
w a l l s  of t h e  low-pressure chamber and i n s e r t e d  
i n t o  sockets  1-9 (Figure 5). 

The design of t h e  pickup is similar t o  t h e  
design of t h e  pressure  pickup i l l u s t r a t e d  i n  
Figure 2 .  

When cons t ruc t ing  t h e  pickup , t h e  ceramic 
w a s  o r i e n t e d  i n  such a way t h a t  a negat ive  
charge appeared on t h e  waveguide when t h e  pick
up w a s  loaded, s i n c e  t h i s  f a c i l i t a t e s  subse
quent p u l s e  shaping. 

The pickup makes i t  poss ib le  t o  obta in  a 
s i g n a l  of 0.026 V-ampl. a t  an i n i t i a l  p ressure  
of 1 mm Hg i n  the shock tube and with a shock 
wave v e l o c i t y  of approximately 1,000 m/sec i n  
argon. 

A signal was s e n t  from t h i s  pickup t o  t h e  
e l e c t r o n i c  c i r c u i t  shown i n  Figure 6 ;  t h e  cir
c u i t  then generated a s i n g l e  p o s i t i v e  pulse  
with a dura t ion  of 3-4 usec as t h e  s i g n a l  ar
r ived  a t  i t .  The leading  edge of t h i s  pu lse  
had a dura t ion  of 0.3-0.5 psec. The c i r c u i t  

c o n s i s t s  of two cascades.  The f i r s t  cascade i s  a 6ZhlP vacuum-tube a m p l i f i e r  
( T l ) ,  which has  a p o s i t i v e  vol tage  pulse  of s i m i l a r  shape i n  t h e  p l a t e  c i r c u i t  
due t o  t h e  negat ive s i g n a l  s e n t  from t h e  pickup t o  t h e  c o n t r o l  gr id .  

This p o s i t i v e  pulse  a c t u a t e s  t h e  TG3-0.1/1.3 thyra t ron  ( T 2 ) ,  across  which 

capaci tance C3 is  discharged. Single  a c t i o n  (during one experiment) of t h e  

shaping u n i t  i s  ensured due t o  t h e  high r e s i s t a n c e  of R5 '  Resis tance R 6 ,  capa

c i t a n c e  C4 and diode D provided f o r  t h e  obtainment of a narrow p o s i t i v e  pulse  

a t  t h e  output  of t h e  u n i t ,  which was then s e n t  t o  t h e  OK-17M osc i l lograph .  
Voltagewasfed across  diode D7Zh t o  t h e  second input  of t h e  osc i l lograph  from 
a GSS-6 generator .  

The design of t h e  shaping u n i t  (see Figure 6 )  makes i t  p o s s i b l e  t o  con
n e c t  s e v e r a l  u n i t s  on one cable  (up t o  n ine  u n i t s  on one cable  w e r e  used) with
out  a f f e c t i n g  each o ther .  

As w e  mentioned above, a s i g n a l  on t h e  o r d e r  of V-ampl. can be ob
ta ined  from t h e  pickup a t  low pressures  behind t h e  shock wave. This imposes 
obl iga tory  condi t ions on t h e  ampl i f ie r  cascade, which must amplify t h e  obtained 
s i g n a l  t o  a value h igher  than t h e  f i r i n g  l e v e l  of t h e  thyra t ron  ( thyra t rons  are 
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s e l e c t e d  with i d e n t i c a l  f i r i n g  
levels f o r  a l l  u n i t s ) .  

The u n i t s  opera te  without  f a i l 
u r e  a t  t h e  fol lowing va lues  of t h e  
c i r c u i t  elements: R1 = 1 MR; R2 = 25 

kR; Rg = 4.5 kR; R4 = 1.8 kR; R5 
= 

100 MR; R6 = 100 R ;  R7 = 1.8 kR; 

R8 = 1.8 kQ; C1 = 0.05 pF; C
2 

= 0.01 

pF; C3 = 0.1  pF; C4 = 2,200 pF; C5 = 
I.---- -: 1 pF; C6 = 1 pF.1 . UPR 

Signal  delay i n  t h e  c i r c u i t  
Figure 5. Diagram of Shock Tube and Ar- from t h e  pickup t o  t h e  shaper  output  
rangement of Measuring Equipment. (I) does n o t  exceed 1.5 psec wi th  devia
t o  vacuum system; (11) cable  f o r  start- t i o n s  of 20.25 psec from t h i s  value 
i n g  OK-17M osc i l lograph;  (111) t o  high- f o r  var ious  u n i t s .  
p ressure  system; (AB) t r a n s i t i o n  sec
t i o n  from c i r c u l a r  i n t e r n a l  c ross  sec- The s h o r t  dura t ion  of t h e  lead
t i o n  of tube t o  square c ross  s e c t i o n .  i n g  edge of t h e  s i g n a l  obtained from 

t h e  u n i t  g ives  a concise  discont inu
i t y  on t h e  osc i l lograph  sweep. Figure 7 
i l l u s t r a t e s  a t y p i c a l  osci l logram of t h e  
shock wave v e l o c i t y .  The sweep i s  from 
l e f t  t o  r i g h t .  The Mach wave number is 
equal  t o  2.9 ( i n  argon).  The t i m e  de
termined on t h e  osci l logram makes i t  pos-/216 
s i b l e  t o  c a l c u l a t e  t h e  average v e l o c i t y  
on a f i x e d  base between pickups. An 
a n a l y s i s  of t h e  e r r o r s  i n  measuring t h e  

U uOut 	 v e l o c i t y  on a base t o  200 mm ind ica ted  
t h a t  they i n c r e a s e  l i n e a r l y  from 0.7 t o  
2.6% as t h e  shock wave v e l o c i t y  i n c r e a s e s  

Figure 6. Schematic Diagram of from 1,000 t o  4,500 m / s e c .  

Shaping Unit. 
Measurement of shock wave v e l o c i t y  

by t h e  pickups w a s  dupl ica ted  by measur
i n g  t h e  same v e l o c i t y  by an o p t i c a l  method. The 
Tb'pler p a t t e r n  of shock wave propagation along t h e  
tube w a s  photographed on t h e  s e c t i o n  between pickups 
8 and 9 through s p e c i a l  windows of a UPR camera i n  a 
time-magnification mode [17]. 

A s  a r e s u l t  of t h e  experiments, a v e l o c i t y  o s c i l -
Figure 7. Oscillogram logram and a series of photographs taken by t h e  UPR 
of Shock Wave Velocity.  ultrahigh-speed photorecorder w e r e  obtained i n  each 

experiment f o r  var ious  shock wave v e l o c i t i e s  i n  argon. 

The known period between frames and t h e  reduct ion  scale of t h e  n a t u r a l  

240 



US 
8 

7 

6 


I 
70 8 60 50 YO 30 

Figure 8. Var ia t ion  of Ms of a Shock 

Wave i n  Argon as a Function of Z/d. 

MS 

12 

1 1  

IO 


9 

Figure 9 .  Var ia t ion  of M of a Shock 
S 

Wave i n  Carbon Dioxide as a Function 
of Z/d. 

dimensions on t h e  f i l m  made i t  pos
s i b l e  t o  o b t a i n  t h e  shock wave velo
c i t y  on t h e  b a s i s  of WR photographs. 

A comparison of t h e  shock wave 
v e l o c i t i e s  measured by t h e  two inde
pendent methods ind ica ted  t h a t  t h e  di
vergence of. r e s u l t s  lies wi th in  t h e  
e r r o r  range of t h e  roughest method 
(UPR) and amounts t o  no more than 2 4 % .  

As can b e  seen from Figure 5 , t h e  
shock tube had a t r a n s i t i o n  from t h e  
c i r c u l a r  s e c t i o n  t o  t h e  square s e c t i o n  
with a 22% increase i n  s i z e .  By using 
t h e  procedure described above f o r  mea
s u r i n g  shock wave v e l o c i t i e s ,  t h e  velo
c i t ies  w e r e  measured along t h e  e n t i r e  
length  of t h e  tube. Velocity pickups 1217 
w e r e  placed i n n i n e  sockets ,  beginning 
with t h e  s e c t i o n  a t  a d is tance  of 31 
tube diameters from t h e  diaphragm 
(socket 2 i n  Figure 5 ) .  The r e s u l t s  
of t h e  measurements are i l l u s t r a t e d  i n  
Figures  8 and 9 ,  where Z/d i s  t h e  r a t i o  
of t h e  d i s t a n c e  from t h e  diaphragm 

along t h e  tube t o  t h e  diameter of t h e  i n t e m a l  c ross  s e c t i o n  of t h e  tube.-

A s  can be seen from t h e  graphs,  t h e  v e l o c i t y  of a shock wave i n  argon has  
t h e  tendency f o  i n c r e a s e  along t h e  e n t i r e  tube. I n  carbon dioxide,  i t  can b e  
considered t o  be s teady  a t  a d i s t a n c e  of 31 c a l i b e r s  from t h e  diaphragm and 40
50 c a l i b e r s  from t h e  diaphragm t o  t h e  s e c t i o n ,  a f t e r  which t h e r e  appears a ten
dency f o r  t h e  v e l o c i t y  t o  decrease.  

The v e l o c i t y  was n o t  measured on t h e  t r a n s i t i o n  s e c t i o n  AB. The dashed 
curves i n d i c a t e  e x t r a p o l a t i o n  of t h e  experimentally measured behavior of t h e  
v e l o c i t y  before  and a f t e r  t h e  t r a n s i t i o n  s e c t i o n  t o  t h e  t r a n s i t i o n  s e c t i o n .  
The e f f e c t  of t h e  t r a n s i t i o n  s e c t i o n  on t h e  measurement of shock wave v e l o c i t y  
i s  evident  from t h e  graphs. 

The authors  d i d  n o t  analyze t h e  p o s s i b l e  causes f o r  t h e  change i n  shock 
wave v e l o c i t y  on t h e  t r a n s i t i o n  s e c t i o n .  

The measurement e r r o r  f o r  v e l o c i t i e s  measured before  t h e  t r a n s i t i o n  sec
t i o n  amounted t o  +7%, s i n c e  t h e  s i g n a l s  from a l l  pickups t h a t  w e r e  placed i n  
sockets  from I through 7 (see Figure 5) w e r e  recorded on one osci l lograph.  
Af te r  t h e  t r a n s i t i o n  s e c t i o n ,  judging by t h e  measurements of t h e  p l e z o e l e c t r i c  
pickups i n  sockets  7-9 and by t h e  WR f i l m s ,  t h e  shock wave v e l o c i t y  remains 
constant  wi th in  t h e  measurement e r r o r  limits of +2.5%. 

The measuring accuracymay be increased t o  +1.2% i f  t h e  shock wave v e l o c i t y  
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is  measured wi th  two pickups on a base  which does n o t  exceed 200 mm, and i f  
an I V - 1 3 M  t i m e  meter i s  used. 
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MUSHROOM-SHAPED TRANSDUCER FOR RECORD
ING PRESSURE I N  A SHOCK TUBE 

A. P.  Shat i lov  

A technique f o r  measuring pressure  under t h e  opera t ing  condi t ions  of a 1218 
shock tube has  been developed over a number of y e a r s  a t  the Laboratory f o r  High-
Temperature G a s  Dynamics and Thermodynamics of t h e  G .  M. Krzhizhanovskiy Power 
Engineering I n s t i t u t e .  One of t h e  p o s s i b l e  designs of a pressure  t ransducer  f o r  
t h i s  type of research  i s  descr ibed below. 

P i e z o e l e c t r i c  t ransducers  with a rod which damps t h e  n a t u r a l  v i b r a t i o n s  of 
t h e  piezoelement are f requent ly  used t o  record h ighly  v a r i a b l e  pressure  as a 
shock wave passes  a f i x e d  c ross  s e c t i o n  x of a shock tube [l]. Transducers of 
a s i m i l a r  design have been used i n  shock tubes (see,  f o r  example, [ 2 ,  3 ,  41). 

A t  t h e  present  t i m e ,  t h e  approximate theory of opera t ion  of t h i s  instrument 
i s  more o r  less clear. Nevertheless,  t h e  design of t h i s  s o r t  of instrument en
counters  a number of d i f f i c u l t i e s  caused by t h e  s p e c i f i c  n a t u r e  of opera t ion  
i n  shock tubes. 

The accuracy of reproducing t h e  pressure  p r o f i l e  over t i m e  i n  a f i x e d  c ross  
s e c t i o n  of a shock tube x depends on t h e  space and t i m e  r e s o l u t i o n  of t h e  t rans
ducer,  which i n  t u r n  depends on t h e  conf igura t ion  of t h e  t ransducer  and t h e  
frequency response of t h e  in te rmedia te  channel (cathode fol lower,  osc i l lograph ,  
a m p l i f i e r ,  e t c . ) .  The smaller t h e  diameter of t h e  t ransducer ,  t h e  h igher  i t s  
space and t i m e  r e s o l u t i o n .  A l i m i t i n g  ( i n  t h e  sense  of smallness)  diameter,  
obviously,  is r e s t r i c t e d  by t h e  s e n s i t i v i t y  of t h e  e l e c t r o n i c  equipment, taking 
i n t o  account t h e  va lue  of l i m i t i n g  p i e z o e l e c t r i c  modulus of t h e  appl ied  c r y s t a l .  
It is n a t u r a l  t h a t  t h e  input  r e s i s t a n c e  R .

3n 
of t h e  matching cathode fol lower 

should b e  correspondingly high. 

During opera t ion  i n  a shock tube [5]  i t  i s  necessary t o  record t h e  v e l o c i t y  
of t h e  i n c i d e n t  shock d i s c o n t i n u i t y  and t h e  pressure  p r o f i l e  i n  t i m e .  To so lve  
these  problems, a p r e s s u r e  t ransducer  was designed with an element t h a t  absorbs 
weak a c o u s t i c  v i b r a t i o n s .  The diameter of t h e  s u r f a c e  which perceives  t h e  pres
s u r e  changes amounted t o  5 mm. 

The designed p r e s s u r e  t ransducer  posseses good a c o u s t i c  i n s u l a t i o n ,  mechani
cal s t r e n g t h ,  maintains  a vacuum r a t h e r  w e l l ,  and i s  mounted f l u s h  with t h e  in
n e r  w a l l  of t h e  shock tube. 

Descr ipt ion of Design and Assembly Procedure of Mushroom-
Shaped Pulse-Type Pressure  Transducer (MPPT) 

The t ransducer  (Figure 1) w a s  mounted i n  t h e  mid-section of t h e  viewing 
chamber of a Mach-Zehnder in te r fe rometer ,  which made i t  p o s s i b l e  t o  record t h e  
v a r i a t i o n s  i n  d e n s i t y  and pressure  simultaneously.  A sensing element 2 made 
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from B a T i O3 p i e z o e l e c t r i c  ceramic (h = 5 m, 

d = 5 nun) i s  ground i n t o  a z i n c  rod* 1 with a 
diameter of 5 mm and a length  of 220 rmn which /219
terminates  i n  a shaped head. This element i s  
cemented t o  t h e  z i n c  rod wi th  c a r b i n a l  cement 
and d r i e d  f o r  1-2 days under a pressure  of 
30-50 kg. Af te r  drying,  t h e  la teral  s u r f a c e  of 
t h e  p i e z o e l e c t r i c  element, toge ther  with t h e  
z i n c  rods and t h e  shaped head (except f o r  t h e  
poin t  of contac t  with t h e  input  cathode follow
er recess i n  t h e  shaped head),  i s  coated wi th  
s h e l l a c  and then wi th  c e r e s i n  before  assembly 
t o  improve electrical  i n s u l a t i o n .  

The z inc  rod 1 with t h e  sensing element 2 
i s  placed i n s i d e  a thin-walled s teel  cy l inder  
3 which serves as t h e  t ransducer  housing; t h e  
l a t te r  i s  closed by a plug 4. Flange 5 is se
cured by check nut  6. The sharp k n i f e  edge of 
t h e  t ransducer  housing c u t s  i n t o  rubber washer 
7, thereby providing a vacuum seal between t h e  
housing and t e f l o n  p a r t  8 ,  which provides elec
t r i ca l  i n s u l a t i o n  of t h e  zinc rods from t h e  
t ransducer  housing. Rubber washer 9 ,  which 
comprises a second vacuum seal i n  t h e  p lace  of 
connection with t h e  shaped head of t h e  z i n c  
rod, is placed i n t o  t h e  c i r c u l a r  recess of t e f 
l o n  p a r t  8. At ten t ion  w a s  given h e r e  t o  t h e  
f a c t  t h a t  washer 9 d id  not  come i n t o  contac t  
wi th  p a r t  10; t h e  l a t t e r ,  toge ther  wi th  p a r t s  
11 and 12, and rubber b a l l  13, comprised t h e  
system of attachment and suspension of t h e  
shaped z inc  element. The rubber b a l l  rests on 

Figure 1. Overal l  V i e w  of a s p e c i a l  p a r t  14,made from t e f l o n .  Copper rod
Mushroom-Shaped Pulse-Type 1 5 ,  which serves  as t h e  contact  which connects 
Pressure Transducer Togeth- t h e  current-conducting zinc rod t o  t h e  input  
er wi th  Operating Sect ion cathode fol lower,  passes  through t h e  rubber b a l l  
of Shock Tube. 	 and p a r t  14.  Cot te r  16 prevents  r o t a t i o n  of 

part 12 with respect t o  10.- During assembly, 
p a r t s  5 ,  8 and 10 a r e  t ightened by four  b o l t s  17,-by means of which, i n  a d d i t i o n ,  
e l e c t r i c a l  cohtact  is ensured between t h e  t ransducer  housing and p a r t s  10 and 11, 
while  p a r t  11, which i s  screwed onto p a r t  10,  imparts t r a n s l a t i o n a l  motion t o  
p a r t  12, which presses  on rubber b a l l  13 through p a r t  14.  The la t te r  imparts 
t r a n s l a t i o n a l  motion t o  z inc  rod 1. P a r t  11 i s  screwed onto p a r t  10 u n t i l  t h e  
lower s i d e  of sensing element 2(BaTiO3 c r y s t a l )  i s  i n  t h e  same plane with t h e  

lower (Figure 1) end of t h e  t ransducer  housing, < . e . ,  t h e  so-called "nose" of 1220 

*The rod wi th  t h e  shaped head w a s  machined from b i l l e t s  which w e r e  kindly 
suppl ied t o  us by Yu. P. Yakovlev, and w e r e  cast according t o  a procedure pro
posed by him and descr ibed i n  h i s  d i s s e r t a t i o n  [ 6 ] .  
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the transducer, Thin silver foil is cemented 
to the plane of the transducer nose with K-88 
cement. A soft suspension (between washer 10 
and the rubber ball) and also good acoustic in
sulation (plug filling) almost completely elimi
nates the effect of external factors on the sens-

Ut ing elements. The high insulation resistance 

10
(on the order of 10 ohms) makes it possible for 


the transducer to record the pressure drops 

which follow one another in time intervals to 


-105 V several milliseconds,whereby the flat portion 

of the voltage pulse on the crystal linings 


Figure 2. Schematic Diagram drops with a time constant of”10 sec. 

of Cathode Follower. 


Reflection from the shaped head arrives at 
the BaTiO3 crystal inel00 usec, which is determined by the length of the zinc 

rod. This reflection, which is significantly reduced by the shaped head, is 

superimposed on the fundamental signal, which is caused by a change in pressure 

on the ”lower plane of the crystal”. 


The accuracy of transducer operation depends essentially on the parameters 
of the matching electronic circuit-cathode follower, the location of which is 
indicated in Figure 1 by the number 28. The cathode follower must posses a high 

10input resistance ( R .-LnE10 ohms) and a sufficient transmission band. A coated 

cathode follower without grid resistance was employed [ 7 ] .  These circuits are 
called “floating-grid cascades” in the literature (Figure 2). 

Having a high input and low output resistance, a sufficiently linear sec
tion, and a transmission band of several MHz, this cathode follower prevented a 
l o s s  in amplitude on the input resistance and a signal drop in time. All of the 
same precautions (in the sense of leakage through the surface of the circuit 
‘elements)as those taken with regard to the transducer should be applied when 

assembling this cathode follower with regard to the grid circuits. 


Calibration of Transducer 


The design and the experimental conditions made it possible to conduct 

three types of calibrations. 


1. Static calibration. In static calibration, the pressure transducer 

was loaded by a calibrated weight, and a signal from the transducer was recorded 

on an ENO-1 oscillograph. 


2. Dynamic calibration. In this type of calibration, a weak shock wave of 
known intensity (only the initial pressure varied) was recorded by the transduc
er and, on the basis of the results of measurement, a calibration curve was con
structed. 
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Figure 3. Simultaneous Recording of Gas 

Pressure and Density in a Fixed Cross 

Section of a Shock Tube. 


3. Joint operation of trans

ducer and interferometer. In 

this case, two parameters were re

corded simultaneously. 


Since static calibration, in 

the author's opinion, does not 

completely reflect the picture of 

operation of the instrument, it 

was used only to align the instru

ment. Dynamic calibration and 

joint operation of the transducer 

and interferometer more completely 

reflect the picture of the phenom

enon, and therefore calibration 

was conducted by the dynamic meth

od during joint operation of the 

transducer and interferometer. 


Figure 3 illustrates an /222
interferogram of normal reflec
tion of a shock discontinuity 
from the rigid end of a shock 
tube jointly with the recording 
of gas pressure behind the front 
of a shock wave on the lateral 
wall. The shock wave was excited 
in nitrogen at an initial pres
sure of 10 nun with a velocity of 
M1 = 3.15. Pressure and density 
were recorded simultaneously at 
a distance of x = 26 nun upstream 
from the point of its reflection. 

The interferogram was taken 
at a speed of recording the gas 
density behind the front of the 
shock wave equal to 0.117 mm/psec; 
the duration of the time markers 
was 10 psec (b) and 100 psec (c). 
The following features are noted 
on the interferogram (oscillo
grams): a characteristic density 
(pressure) drop 2 caused by the 
passage of the front of the re
flected wave distorted by the 
interaction with the increasing 

boundary layer behind the incident discontinuity past the slit (of the pressure 

transducer); an increase in gas density (pressure) 2 behind the front of the re

flected shock wave caused by turbulence of the boundary layer and the arrival of 

a disturbance from the contact surface; a decrease of pressure in the shock tube 
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is a l s o  observed immediately behind t h e  f r o n t  of t h e  r e f l e c t e d  shock wave. The 
gas p r e s s u r e  before  t h e  f r o n t  of t h e  r e f l e c t e d  shock wave remains constant  wi th  
a n  accuracy of 210% r i g h t  up t o  t h e  arrival of t h e  f r o n t  i n  the s e c t i o n  where 
t h e  recording equipment w a s  set  up. 

The experience der ived i n  working wi th  t h i s  type of pressure  t ransducer  
makes i t  p o s s i b l e  to-draw t h e  following conclusions.  

1. The e r r o r s  i n  pressure  measurement f o r  t h i s  type of t ransducer  amount 
t o  10-15% of t h e  measured pressure.  

2. The t ransducer  c o r r e c t l y  reflects t h e  behavior of t h e  processes a t  the  
w a l l  	of t h e  shock tube and can be used f o r  mutual monitoring of t h e  two methods 
(measurement of P ( t )  and p ( t ) )  i n  a f i x e d  c r o s s  s e c t i o n  of t h e  tube x .  

3. The e r r o r s  i n  measuring t h e  absolu te  v a l u e  of pressure  are caused by 
r e f l e c t i o n  of e las t ic  waves from t h e  "shaped head" and t h e  imperfect ion of t h e  
recording equipment. 

4 .  The shock wave v e l o c i t y  can b e  determined w i t h  t h e  a i d  of two transduc
ers placed a t  a c e r t a i n  d i s t a n c e  from each o t h e r  (average v e l o c i t y  of shock wave 
on a c e r t a i n  p o r t i o n  of t h e  shock tube) with an accuracy of 1.0-1.5%. 
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